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"The  following  significant  findings  were  made  during  the  past  year^  The  ability  of 
the  heart  to  adapt  to  stress  requires  an  intact  autonomic  nervous  system.  Acute 
increases  in  arterial  pressure  may  cause  detrimental  effects  to  the  system  by  direct 
action  on  the  heart,  particularly  if  underlying  myocardial  disease  is  present.  The 
ability  of  the  heart  to  adapt  to  different  heart  rates  appears  to  be  an  important 
factor  in  exe*  Tise  or  prolonged  hypoxia.  Relaxing  systems  are  important  in  the 
action  of  antit ypertensive  drugs  and  perhaps  in  the  etiology  and  maintenance  of 
abnormal  blood  pressure  states.  Reserpine  mediated  electrolyte  loss  from  vascular 
tissue  is  the  result  of  urinary  excretion  of  sodium,  potassium  and  calcium  and  calci¬ 
um  excretion  into  the  gut.  A  new  type  of  supersensitivity  was  discovered  and 
characterized  in  vascular  smooth  muscle  initiated  by  cold  temperature.  Prostagland¬ 
ins  augment  myocardial  contractility  by  increasing  Intracellular  calcium  stores. 
Cerebellar  inhibitory  mechanisms,  but  not  reticular  or  spinal  inhibitory  mechanisms, 
were  markedly  suppressed  by  hallucinogenic  drugs.  Bicuculline  suppressed  cerebellar 
inhibition,  but  also  suppressed  reticular  and  presynaptic  inhibition.  There  is  a 
marked  difference  in  the  degree  of  inhibition  and  the  rate  of  recovery  from  the 
inhibition  in  various  tissues  of  the  rat  due  to  the  insecticide  disulfoton.  The  use 
of  microwave  radiation  to  rapidly  inactive  brain  enzymes  has  been  found  to  be  a 
remarkably  useful  technique  in  the  study  of  central  yieurotransmitters. 
Acetylcholinesterase  increases  in  the  hippocampal  formation  of  the  rat  brain 
during  shock  avoidance  learning.  ) 


DD  ,"’,“..1473 


UNCLASSIFIED 


FINAL  SUMMARY  FOR  AEROSPACE  CONTRACT 


9 

/ 


The  following  are  the  significant  scientific  findings  in  the  past 
year*  for  Aerospace  Grant  #AF  70-C-0059. 

CARDIOVASCULAR; 

1.  The  ability  of  the  heart  to  adapt  to  stress  requires  an  intact 
autonomic  nervous  system. 

2.  Acute  increases  in  arterial  pressure  may  cause  detrimental 
effects  to  the  system  by  direct  action  on  the  heart,  particularly 
if  underlying  myocardial  disease  is  present. 

3.  A  pressure  dimension  instrument  for  assessing  cardiac  function 
has  been  developed  and  should  be  useful  in  detecting  early 
dysfunctions  on  the  heart. 

4.  The  ability  of  the  heart  to  adapt  to  different  heart  rates  appears 
to  be  an  important  factor  in  exercise  or  prolonged  hypoxia. 

5.  Relaxing  systems  are  important  in  the  action  of  antihyper tensive 
drugs  and  perhaps  in  the  etiology  and  maintenance  of  abnormal 
blood  pressure  states. 

6.  The  release  of  calcium  by  electrical  stimulation  from  cardiac 
sarcoplasmic  reticulum  is  involved  in  force-frequency  relations, 
paired  stimulation  and  the  action  of  pentobarbital. 

7.  Raserplne  mediated  electrolyte  loss  from  vascular  tissue  is  the 

rssult  of  urinary  excretion  of  sodium,  potassium  and  calcium  and 
calcium  excretion  into  the  gut.  „  ..  .  .... 

6.  A  new  type  of  supersensitivity  was  discovered  and  characterised  in 

vascular  smooth  muscle  initiated  by  cold  temperature. 

/ 


.  S.  The  prostaglandins  PGE^  and  PGF2a  augment  myocardial  contractility 
by  increasing  intracellular  calcium  stores. 

CENTRAL  NERVOUS  SYSTEM ;  . 

2 .  Cerebellar  inhibitory  mechanisms ,  but  not  reticular  or  spinal 

inhibitory  mechanisms,  were  markedly  suppressed  by  hallucinogenic 
drugs.  These  observations  are  in  support  of  the  proposition  that 
these  drugs  act  upon  the  cerebellum  to  produce  their  abnormal 
motor  effects. 

2.  Bicuculline,  a  convulsant  GABA  antagonist,  similarly  suppressed 
cerebellar  inhibition,  but  also  suppressed  reticular  and  pre- 
synaptic  inhibition.  These  observations  support  the  proposition 
that  GABA  is  involved  in  cerebellar  and  presynaptic  inhibition, 
and  also  suggests  that  the  suppression  of  cerebellar  inhibition 
by  the  hallucinogenic  drugs  is  not  the  result  of  any  GABA  blockade 
by  these  drugs. 

3.  There  is  a  marked  difference  in  the  degree  of  inhibition  and  the 
rate  of  recovery  from  the  inhibition  in  various  tissues  of  the 
rat  due  to  the  insecticide  disulfoton. 

4.  The  use  of  microwave  radiation  to  rapidly  inactive  brain  enzymes 
has  been  found  to  be  a  remarkably  useful  technique  in  the  study  of 
central  neurotransmitters. 

5.  The  enzyme  acetylcholinesterase  increases  in  the  hippocampal 
formation  of  the  rat  brain  during  shock  avoidance  learning. 

6.  Contrary  to  recent  reports,  acute  or  chronic  ethanol  administration 
to  rats  was  found  to  have  no  significant  impact  upon  the  true 

or  pseudochelinesterase  activity  In  £-  '*•  areas  of  the  brain. 
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DETAILED  PROGRESS  REPORT 


I .  The  Action  of  Hydralazim  on  Isolated  Rabbit  Aortic  Strips 


A.  Progress .  We  have  continued  to  study  the  effects  of  hydralazine 
an  antihypertensive  compound,  on  calcium  fluxes  in  isolated 
rabbit  aortic  strips. 


B.  Methods .  Spiral  strips  of  aorta  were  prepared  and  suspended 
in  a  muscle  warmer  containing  oxygenated  Ringer-Locke  solution 
at  37°C.  Tension  was  measured  by  a  strain  gauge  Grass  FT03C 
transducer  on  a  Crass  Model  7  polygraph.  The  tissues  were 
suspended  in  Ringer  solution  for  one  hour.  They  were  then 
placed  in  calcium-zero  Ringer  solution  for  an  additional  hour. 
This  was  followed  by  the  addition  of  norepinephrine  (1  X  10“®M) 
with  and  without  hydralazine  (1  X  10”^M)  for  ten  minutes.  At 
the  end  of  this  time,  CaCl2  containing  ^Ca  was  added  so  that 
the  final  calcium  concentration  was  0.3  mM.  The  tissues  were 
allowed  to  equilibrate  for  one  hour,  at  which  time  they  were 
removed  from  the  water  bath,  blotted,  weighed,  ground  in  a 
tissue  grinder,  and  an  aliquot  of  the  supernatant  solution 
counted  for  radioactivity.  Tissue  calciuir.  determinations 
were  made  by  treating  the  tissues  as  above,  without  *^Ca.  They 
were  then  dissolved  in  nitric  acid  for  twelve  hours,  diluted, 
and  the  tissue  calcium  determined  by  means  of  an  atomic 
absorption  spectrophotometer. 


C.  Results.  In  the  presence  of  norepinephrine  there  was  a  signi¬ 
ficant  15%  increase  in  the  ^Ca  uptake .  In  the  presence  of 
hydralazine  and  norepinephrine  there  was  a  decrease  in  the 
*^Ca  uptake  of  17%,  as  compared  to  controls  with  norepinephrine. 
There  was  approximately  a  45%  increase  in  the  calcium  content 
of  aortas  treated  with  norepinephrine  (2.3  ±  0.17  meq/kg  vet 
tissue  in  controls  and  3.34  t  0.31  meq/kg  in  norepinephrine” 
treated  aortas) .  In  the  presence  of  hydralazine  and  norepine¬ 
phrine  there  was  a  slight  (not  significant)  increase  in  calcium 
content  (2.50  i  0.22  meqAg)  •  Hydralazine  inhibits  the  tension 
induced  by  norepinephrine.  This  inhibition  is  dose  determined. 
The  greatest  effect  is  seen  after  the  initial  contraction 
whet,  there  is  marked  relaxation  in  the  presence  of  hydralazine. 
The  inhibition  by  hydralazine  can  be  completely  reversed  if 
LiCl  is  substituted  for  NaCl.  Preliminary  experiments  indicate 
thatthe  inhibition  of  4^Ca  uptake  produced  by  hydralazine 
does  not  occur  in  the  presence  of  LiCl. 
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5. 


Most  recent  work  has  been  to  r^udy  the  effects  of  various 
cationic  changes  and  hydralazine  on  the  outflow  „f  calciun 
from  vascialar  smooth  muscle.  In  these  experiments  the 
isolated  rabbit  aortic  strip  is  loaded  with  Ca  for  var^jLng 
periods  of  time  in  the  presence  of  norepinephrine  {1  x  10  M) . 
The  rate  of  calcium  outflow  is  followed  into  a  non-radioactive 
solution  containing  various  concentrations  of  calcium  with 
and  without  norepinephrine  and  hydralazine  and  in  the  presence 
of  various  cationic  changes.  It  has  been  possible  to  show 
that  in  the  pres^gee  of  hydralazine  there  is  a  significant 
15%  increase  in  Ca  loss  from  the  tissues  which  is  accentuated 
by  the  presence  of  LiCl  substituted  for  NaCl.  This  effect 
of  hydralazine  on  calcium  outflow  is  temperature  sensitive 
(inhibition  by  temperatures  below  27  C) .  Further  studies 
are  being  performed  to  investigate  this  calcium  effect  in 
more  detail. 


D.  Discussion.  We  have  interpreted  the  data  to  suggest  that 
hydralazine  has  two  effects  on  vascular  smooth  muscle. 

One  effect  is  to  decrease  the  change  and  increase  the  calcium 
permeability  induced  by  norepinephrine.  The  second  effect  is 
that  hydralazine  appears  to  increase  the  calcium  outflow  from 
the  vascular  smooth  muscle.  This  effect  may  be  related  to 
stimulation  of  an  energy-dependent  calcium-outward  pump.  Changes 
in  hydrogen  ion  and  potassium  do  not  appear  to  affect  this  pump, 
but  the  substitution  of  sodium  for  lithium  does  appear  to 
produce  some  inhibitory  effect  which  suggests  that  the  sodium 
ion  and  the  calcium  ion  may  compete  for  the  outward  transport 
system.  We  have  not  been  able  to  determine  whether  this  pump 
is  coupled  to  an  inward  transport  of  cations.  This  data 
would  support  the  concept  that  hydralazine  may  stimulate  a 
calcium-outward  pump  and  produce  relaxation.  Again,  one  might 
also  speculate  that  since  hydralazine  is  known  to  be  a  potent 
antihypertensive  agent,  it  may  be  quite  possible  that  certain 
diseased  states  associated  with  abnormal  blood  pressure,  such 
as  essential  hypertension,  may  be  related  to  abnormalities 
of  relaxing  systems  rather  than  abnormalities  of  stimulating 
systems. 

For  these  reasons  it  is  proposed  to  study  patients  and  animals 
with  abnormalities  of  blood  pressure  to  determine  (1)  if  there 
are  circulating  factors  which  affect  relaxing  systems  and  (2)  if 
changes  in  relaxing  systems  play  a  role  in  the  etiology  or  main- 
Lai nance  of  these  abnormalities. 

These  studies  arc  to  be  carried  out  in  isolated  vascular  smooth 
muscle  strips  and  isolated  relaxing  systems  from  vascular  smooth 
siuscle. 
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Prior  to  investigation  of  the  relaxing  systems  of  vascular 
smooth  muscle,  studies  of  the  relaxing  system  cf  cardiac 
muscle  have  am  arc  being  carried  out.  This  is  because  (1) 
the  techniques  to  be  used  for  vascular  smooth  muscle  need  to 
be  worked  out  first  in  systems  where  moee  tissue  is  available 
and  yet  offer  similar  problems  in  isolation  and  utilization, 

(2)  comparison  of  cardiac  and  vascular  relaxing  systems  is 
important,  and  (3)  investigations  of  cardiac  relaxing  systems, 
particularly  the  effects  of  electrical  stimulation,  are  of 
special  interest. 

II.  Isolated  Cardiac  Relaxing  Systems 

A.  Progress.  We  have  continued  to  study  the  effects  of  electrical 
stimulation  on  calcium  outflow  in  cardiac  sarcoplasmic  reticulum 
(relaxing  factor) 

B.  Methods .  The  sarcoplasmic  reticulum  is  isolated  and  partially 
purified  by  the  use  of  a  sucrose  gradient  ultraceutrifugation. 

These  fragm^gts  are  then  incubated  in  an  appropriate  medium 
containing  Ca  in  the  presence  or  absence  of  specific  pharma¬ 
cologic  agents.  An  aliquot  of  the  medium  is  then  placed  on 
a  Mlllipc ce  filter  which  has  been  adapted  with  platinum  mesh 
wire  in  order  to  study  the  effects  of  electrical  stimulation. 
Parameters  have  been  defined  as  to  the  effect  of  voltage 
intensity,  stimulus  duration  and  stimulus  frequency  on  the 
release  of  calcium  by  the  fragments  of  the  sarcoplasmic  reticulum. 

Recent  evidence  suggests  that  calcium  is  the  link  between 
membrane  depolarization  and  muscle  contraction.  It  has  been 
proposed  that  during  excitation  calcium  is  released  or  made 
available,  possibly  from  sites  in  the  sarcoplasmic  reticulum, 
thus  increasing  the  intracellular  calcium  concentration  in 
the  vicinity  of  the  myofibrils,  resulting  in  a  contraction, 
following  conrractior ,  calcium  is  rebound  and  relaxation  takes 
place.  It  is  hoped  that  studies  of  this  nature  will  afford 
further  insight  into  the  factors  affecting  calcium  uptake  and 
release  as  well  as  the  subcoiiular  mechanisms  of  action  of 
various  pharmacologic  agents. 

45 

Calcium  outflow  studies  are  done  with  grena  filled  with  Ca  layered 
on  a  Millipore  filter  with  platinum  mesh  electrodes  above  and 
below  (Figure  1) .  The  basic  non-radioactive_gutf.low  solution 
consists  of  a  buffer,  100  mM  KC1,  and  1  x  1()  EGTA.  This  solution 
is  modified  for  different  experiments.  Outflow  solutionis 
added,  and,  at  varying  intervals  of  time,  the  amount  of  Ca 
appearing  in  this  solution  is  counted.  It  has  been  found  that 
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electrical  stimulation  increases  calcium  outflow.  This  effect 
depends  upon  voltage,  stimulus  duration,  agd  frequency 
Lanthanum  at  low  concentrations  (1.8  x  10  M,  4  x  10  M)  decreases 
calcium  outflow  from  sarcoplasmic  reticulum  during  the  non- 
stimulated  state.  At  low  concentrations  it  has  little  effect 
on  the  calcium  released  during  electrical  stimulation,  but  can 
inhibit  calcium  release  caused  electrical  stimulation  at 
higher  concentrations  (1.8  x  10  M) .  These  effects  can  be 
seen  in  Figures  2  and  3.  Figure  2  is  a  plot  of  the  percent  of 
ca  retained  in  the  grana  with  respect  to  time,  with  and  without 
stimulation  and  lanthanum.  Note  that  electrical  stimulation 
decreases  the  amount  of  calcium  retained  in  the  sarcoglasmic 
reticulum.  Lanthanum  at  a  concentrating  of  1.8  x  10  M 
significantly  increases  the  amount  of  Cl  retained  in  the 
sarcoplasmic  reticulum.  Electrical  stimulation  in  the  presence 
of  lanthanum  at  thi.  concentration  does  cause  a  decrease  in 
the  calcium  remaining  in  the  sarcoplasmic  reticulum.  It  has 
been  found  that  either  using  low  concentrations  of  lanthanum 
or  pre-treating  the  sarcoplasmic  reticulum  with  high  concen¬ 
trations  of  lanthanum  for  a  short  period  of  time  will  decrease 
the  resting  calcium  permeability  and  allow  one  to  stimulate 
electrically  for  long  periods  of  time.  This  can  be  seen  in 
Figure  3.  In  this  experiment  the  grgna,  while  on  the  filter, 
are  treated  with  lanthanum  1.8  x  10  M  for  8  minutes. 

Electrical  stimulation  is  applied  at  8  minutes,  18  minutes,  and 
28  minutes.  Note  that  there  is  a  significant  increase  in 
calcium  released;  the  percent  released  returns  toward  baseline 
levels  after  each  stimulation  and  the  maximum  percentage 
released  decreased  with  multiple  stimulations,  as  one  would 
expect.  Another  interesting  aspect  of  the  effects  of  electrical 
stimulation  can  be  seen  in  this  figure,  and  that  is  that  when 
the  electrical  stimulation  is  turned  off  (after  2  minutes  of 
stimulation)  there  is  a  decay  in  the  effect  of  electrical 
stimulation  on  calcium  outflow  which  has  a  half-life  of  approx¬ 
imately  2.2  minutes.  This  is  interesting  in  light  of  the  fact 
that  the  time  constant  for  an  increase  or  decrease  in  the 
inotropic  state  of  a  resting  cardiac  muscle  is  long  (half  life 
of  about  100  seconds)  (Circulation  Research  24:409-445,  1969). 

Another  study  is  being  performed  to  determine  the  effects  of 
changes  in  frequency  in  the  range  which  produces  increased  con¬ 
tractile  tension  in  cardiac  muscle  and  its  effect  on  calcium 
release.  Experiments  indicate  that  there  is  a  significant 
increase  in  calcium  release  from  cardiac  grana  when  the  stimulus 
is  changed  from  0.5  cps  to  1.0  cps  and  to  2.0  cps  (Figure  4). 

In  this  figure  we  have  plotted  the  percent  calcium  released  with 
respect  to  time  and  the  effects  of  changing  the  stimulus  frequency 
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from  0.5  to  2.0  cps.  Note  that  there  is  an  increase  in  the 
release  of  calcium  from  approximately  14%  to  20%  when  the 
frequency  is  changed  from  0.5  cps  to  1.0  cps.  There  is  a 
further  rise  to  24.5%  when  the  frequency  is  changed  to  2.0  cps. 
This  data  suggests  that  the  frequency  potentiation  seen  in  a 
variety  of  muscle,  including  rabbit  heart  muscle,  from  0.5  cps 
to  2.0  cps  may  be  related  to  an  increase  in  calcium  release 
from  sarcoplasmic  reticulum.  In  addition,  it  is  well  known  that 
pentobarbital  can  inhibit  the  frequency  potentiation  in  cardiac 
muscle.  Figures  5  and  6  show  the  effects  of  pentobarbital  on 
electrical  stimulation.  In  Figure  5  we  have  plotted  percentage 
of  calcium  released  with  respect  to  time.  Note  that  during  the 
J^rst  stimulation  at  8  minutes  there  is  approximately  a  19.5% 

Ca  release.  The  grana  are  then  treated  with  pentobarbital 
at  a  concentration  of  4  mM.  A  second  stimulation  in  the  presence 
of  pentobarbital  only  releases  11.5%.  Following  this,  the 
pentobarbital  is  washed  out  and  a  third  stimulation  is  done  at 
20  minutes.  Note  that  there  is  approximately  an  18%  release 
during  that  interval.  Thus,  it  can  be  seen  that  pentobarbital 
inhibits  the  release  of  calcium  during  electrical  stimulation, 
and  this  effect  is  reversible.  In  Figure  6  the  grana  have  been 
exposed  to  4  mM  pentobarbital,  stimulated  for  a  period  of  15 
seconds  during  the  fourth  2-minute  interval,  and  the  pentobarbital 
is  then  washed  out.  The  grana  are  then  stimulated  on  the  seventh 
2-minute  interval  and  the  pentobarbital  is  added  again  and  the 
grana  are  stimulated  for  a  third  time  on  the  tenth  2-mjgute 
interval.  Note  that  there  is  an  inhibitory  effect  on  Ca 
release  in  the  presence  of  pentobarbital.  When  the  pentobarbital 
is  removed,  the  release  of  calcium  is  markedly  increased.  The 
effects  of  pentobarbital  are  dose  dependent  and  can  be  seen  in 
concentrations  of  approximately  0.1  to  4  mM.  These  studies 
suggest  that  the  effects  of  pentobarbital  on  the  frequency 
potentiation  in  cardiac  muscle  are  related  to  an  inhibition  of 
electrical  release  of  calcium  from  sarcoplasmic  reticulum  or 
other  sites  in  the  cardiac  cell.  Further  studies  investigating 
the  effects  of  cardiac  glycosides,  catecholamines,  and  carbachol 
in  these  parameters  are  being  carried  out. 

Another  study  is  being  conducted  to  determine  the  effects  of 
paired  stimuli  on  calcium  release  from  sarcoplasmic  reticulum. 

In  these  studies  the  stimulus  frequency  is  maintained  at  0.5 
or  1.0  cps.  If  a  paired  stimulus  is  placed  200  msec  following 
initial  stimulation  there  is  an  increase  in  calcium  outflow 
beyond  that  which  is  seen  at  a  stimulus  frequency  of  1.0  cps 
or  2.0  cps  (Figure  4).  In  this  figure  it  can  be  seen  that,  at 
a  stimulus  frequency  of  1.0  cps,  approximately  20%  of  the  total 
45Ca  is  released.  When  the  stimulus  frequency  is  raised  to 
2.0  cps  there  xs  an  increase  to  24.5%.  However,  if  during  this 
interval  the  same  number  of  beats  occur  but  are  paired  so  that 
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the  second  beat  occurs  300  msec  after  the  initial  stimulation, 
there  is  a  further  increase  in  calcium' outflow  up  to  approximately 
28%.  It  should  be  pointed  out  that  in  these  experiments  the 
grana  are  only  stimulated  for  15  seconds  during  the  2-minute 
interval.  Further  studies  are  being  carried  out  in  which  the 
grana  are  stimulated  for  longer  intervals  in  an  attempt  to 
potentiate  these  effects.  The  studies  suggest  that  the  poten¬ 
tiation  of  tension  seen  in  cardiac  muscle  with  paired  stimuli 
could  also  be  explained  on  the  basis  of  an  additional  release 
of  calcium  from  the  sarcoplasmic  reticulum  or  other  membranous 
sites.  Further  studies  are  being  conducted  on  the  effects  of 
pentobarbital  and  carbachol  on  paired  stimuli  and  the  effect 
on  calcium  release  from  sarcoplasmic  reticulum. 

In  addition  to  more  complete  studies  of  calcium  release  during 
electrical  stimulation  from  sarcoplasmic  reticulum,  we  are 
also  in  the  process  of  investigating  calcium  uptake  and  the  effects 
of  electrical  stimulation.  In  these  experiments  grana  are 
placed  on  Miliipore  filters  and  the  calcium  uptake,  both  active 
(in  the  presence  of  oxalate)  or  non-active  binding  will  be 
examined  with  the  grana  on  the  filter,  with  and  without  electrical 
stimulation.  These  studies  are  being  done  because  it  may  be 
possible  that  a  variety  of  cardiotonic  agents  may  affect  calcium 
release  indirectly  by  changing  calcium  uptake,  either  active  or 
non-active  during  electrical  stimulation.  To  indicate  that 
these  experiments  are  feasible  and  that  the  active  calcium 
transport  system  is  not  disturbed  by  electrical  stimulation,  we 
have  included  Figure  7.  In  these  experiments  the  grana  are 
placed  on  Miliipore  filters  and  stimulated  for  a  period  of  15 
seconds.  In  the  controls  no  stimulation  was  given.  Following 
this  ATP  and  Mg  (5  mM)  potassium  oxalate,  0.1  mM  CaCl  and  Ca 
were  added  and  the  uptake  was  started.  At  various  intervals  of 
time  the  reaction  was  stopped  by  suction,  and  an  aliquot  of  the 
filtrate  was  counted,  as  well  as  the  filter.  It  can  be  seen 
that  there  is  an  increasing  uptake  of  calcium  by  the  grana  c-’ar 
a  30  minute  period  and  that  prior  electrical  stimulation  hat 
no  effect  on  this  parameter. 

It  is  felt  that  with  the  techniques  that  have  been  dev  loped  to 
study  electrical  stimulation  of  sarcoplasmic  reticulum  will  be 
extremely  valuable  in  elucidating  the  mechanism  of  action  of  a 
variety  of  drugs  on  cardiac  muscle,  with  these  techniques  we 
also  feel  that  it  will  be  equally  important  in  investigating 
relaxing  systems  in  vascular  smooth  muscle.  I  believe  this  simple 
technique  will  result  in  new  and  exciting  discovery  of  drug 
action. 
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I.  The  cardiac  effects  of  curare  (See  reprint  of  publication  of  this 
work  which  is  attached).  We  completed  this  work  during  this  period. 

II.  The  acute  diuretic  response  of  guanethidine  and  reserpine.  This 
work  was  completed  and  has  been  accepted  for  publication  b 
Archiv.  Int.  Pharmacodyn.  (See  attached  publication). 

III.  Responses  of  isolated  rabbit  atria  to  calcium.  The  initial  phase 

of  this  work  has  been  completed  (See  manuscript  attached) .  In  this 
study  we  we^e  able  to  show  that  rabbit  atria  were  more  sensitive 
to  calcium  4  hours  but  not  24  hours  after  3  mg/kg  reserpine. 

Changes  in  heart  function  which  occurred  were:  (a)  a  decrease  in 
the  threshold  response  to  calcium,  (b)  an  increase  in  the  rate  of 
change  of  tension  development ,  a  greater  incidence  of  calcium- 
induced  arrhythmias,  and  (d)  a  decrease  in  the  rate  of  decline  In 
tension  after  removal  of  calcium  from  the  medium.  We  found  no 
change  in  heart  rate  occurring  during  these  experiments.  Also, 
propranolol,  a  beta  adrenergic  blocking  agent  failed  to  effect  the 
results.  We  have  concluded  from  this  that  reserpine  probably  increases 
membrane  permeability  to  calcium,  and  that  it  may  also  alter  the 
Intracellular  calcium  (relocate*  or  change  its  binding  characteristics). 

This  work  is  still  fn  progress.  The  phase  current  is  to  study 
any  differences  in  our  findings  tlw*1  o^cur  in  the  -lectrically  driven 
atria  and  the  spontaneously  beating  preparation.  At  this  point  we 
have  found  none. 

IV.  The  effect  of  change  in  environmental  (perfusate)  tenperature  on 

vascular  tone.  This  study  has  been  cocpleted  (See  attached  abstract 


and  manuscript)  and  led*  to  the  Doctoral  Bissertttt ion  of  James  C. 
Murphy  (Title :  Sli^RSPfSt«OlVm-.-P.  VASCULAR  SMOOTH  MUSCLE  INITIAT'D., 
BY  COLD).  '  'V  ■  v  '  • 

We  found  that  blood  vessels  (dog,  femoral  and  rabbit  aortas)  were 
supersensitive  to  catecholamines  after  exposure  tovcold*;'.  A.  study  of 
electrolyte  shifts  during  exposure  led  to  the  conclusion  that  some 
change  i«  calcium  of  the  tissue  was  the  underlying  cause.  '  • 

A  study  of  sodium  pu«up.  reversal.  This  study  is  far:  fiom'  Complete 
and  the  data  have  only  lad  to  confusion  in  interpretation  so  far. 

We  have  seen  the  Sodium  pump  reversal  when  vascular  tissue  is  incu¬ 
bated  in  cold  (4°C)  or  room  temperature  or  at  37°C.  This  is  charac¬ 
terized  by  a  doubling:  of  the  sodium  content  of  the  tissue,  a  drastic 
reduction  in  potassium  (at  times  to  levels  too  low  to  detect) i 
This  process  can  be  accelerated  by  a  low  calcium  environment ,  and 
can  be  partially  blocked  by  ouabain  or  anoxia.  Drugs  which  cause" 
contraction  (norepinephrine,  vasopressin,  angiotension)  have  no 
effect.  The  study  will  continue. 
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The  Effects  of  d-Tubocu  ravine  and  Its  Commercial 
Vehicles  on  Cardiac  Function 

Oliver  Carrier,  Jr.,  Ph.D.,*  and  Janies  C.  Murphy,  M.S.t 


dvTiibocurarinc  lias  beep  reported  to  have  a 
depressant  effect  on  cardiac  tissues,  an  effect  re¬ 
versed  by  high  calcium  concentrations.  Results  of 
this  study  showed  that  the  depressant  effect  (20 
to  50  per  cent  of  control  tension)  could  be  ac¬ 
counted  for  by  the  benzyl  alcohol  nr  4-cbloro-3- 
melbyl  crcsol  used  as  preservatives  cormncrci. 
preparations  of  d-tubocur. trine.  The  effccu  of 

these  compounds  were  reversed  by  increasing  the 
calcium  chloride  content  of  the  Ringer’s  solution 
25  to  100  per  ceci  (3.0  to  4.S  mM).  The  Endings 
of  previous  workers  may  have  reflected  the  effects 
of  these  two  substances  rather  than  a  depressant 
effect  of  the  fJ.tubocurarine.  (Key  words:  rf-Tubo- 
curarine;  Cardiac  function.) 

It  has  been  reported  that  rf-lubocurarine  lias 
a  cardiac  depressant  effect  *•  *  which  can  be  re¬ 
versed  by  high  calcium  concentrations.1  Some 
investigators  believe  this  depressant  effect  is 
the  result  of  histamine  release  by  W-tubooura- 
line.1' *  Others  claim  a  direct  cardiac  action 
for  the  drug.5- 5  In  our  studies  we  have  been 
interested  in  involvement  of  calcium  ion  in 
vascular  and  cardiac  muscle  function.  We 
have  used  reserpinc  to  modify  vascular  cal¬ 
cium  content  and,  we  believe,  availability  to 
the  contractile  apparatus.0-  *  We  thus  became 
interested  in  the  possibility  of  a  curai  e-reser- 
pinc-calcium  interaction  at  various  muscle 
ites.  In  one  study"  we  found  that  reserpinc 
decreased  the  apparent  potency  of  rf-tuboeuia- 
rir.e  at  the  skeletal  neuromuscular  junction. 
We,  therefore,  decided  to  study  this  relation¬ 
ship  in  the  heart.  However,  in  the  initial 
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phase  of  the  study  we  were  unable  to  demon¬ 
strate  any  cardiac  depressant  activity  with  d~ 
tubocuiarinc,  nor  any  calcium- curare  relation¬ 
ship  in  the  isolated  rabbit  atrial  preparation. 
Ftii  thcr  work  to  resolve  this  difference  be¬ 
tween  our  results  and  those  of  the  previous 
workers  was  needed.  The  results  cf  this  study 
are  the  subject  of  the  present  report.  The  car¬ 
diac  depressant  effect  which  bad  been  at¬ 
tributed  to  d-lubocurariiic  resulted  from  the 
preservatives  used  in  the  injection  preparations 
of  the  drug,  and  J-tubocuravine,  per  se,  had 
none. 

Methods 

Experimental  Procedures 

Albino  New  Zealand  rabbits  weighing  ap¬ 
proximate')-  1  kg  were  used  in  the  study. 
Each  animal  was  sacrificed  by  a  sharp  blow  to 
the  head,  and  the  heart  was  excised  immedi¬ 
ately.  Tlie  hearts  were  placed  in  oxygenated 
Ringer’s  solution  and  the  atria  removed.  Atria 
were  suspended  in  organ  baths  (50  ml)  in 
Ringer’s  solution  (composition:  N’nCl,  151  mM; 
KC1,  5.1  mM;  CaClo,  2.4  mM;  NaIJC08,  6 
mM;  dextrose  11  mM;  distiller1  water  to  1 
liter).  Tension  measurements  were  made  with 
“E  and  M”  myographs  and  recording  equip¬ 
ment  (Physiogrnpb)  after  adjusting  the  dia¬ 
stolic  tension  of  the  atria  to  1  gram.  Three 
preparations  were  used  in  these  studies:  the 
spontaneously-beating  right  atrium,  spontane¬ 
ously-beating  left  and  right  atria,  and  the  elec¬ 
trically-driven  left  atrium.  Left  atria  were 
stimulated  at  a  frequency  of  1/scc  with  supra¬ 
maximal  square-wave  stimulation  3  msec  in 
duration.  Recording  of  contractile  amplitude 
and  rate  was  begun  immediately  after  the  atria 
were  mounted.  A  30-minute  equilibration  pe¬ 
riod  preceded  the  final  adjustment  to  I-gram 
tension,  and  a  second  30-minute  equilibration 
period  followed  prior  to  the  addition  of  drugs 
or  calcium.  After  the  equilibration  period,  ri- 
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tuhocur.u  im:  w.is  ;i«!<  !<.■<!  to  l lie  bath  in  I  In:  con¬ 
centrations  indicated  (see  "Ucsulls”).  After 
sullicicut  time  bad  elapse  for  any  changes  due 
to  (lie  <1  tubocin.iiiiie  to  occur,  calcium  chlo¬ 
ride  was  added.  Changes  in  contractile  ampli¬ 
tude  and  rate  were  used  to  assess  the  elicits 
of  the  drugs.  One  seiies  of  rabbits  was  pie- 
treated  21  hours  before  the  experiment  with 
3.5  mg/kg  reset  pine.  All  solutions  of  r/-lubu- 
cuaraiine  were  tested  for  paralytic  activity  in 
unancstheti/.ed  rabbits  before  use  in  the  in 
vitro  experiments. 

Daves 

The  commercial  drugs  used  weic  the  inject¬ 
able  preparations  of  rf-tuhocurarine:  Abbott’s 
tuhocurariiw  chloride,  containing  3  mg  r/-lubo- 
curarinc  chloride,  1  mg  sodium  metabisulfite, 


AncsthcsioloKj-* 
Jicicmlwr  I9#0 

9  mg  benzyl  alcohol  and  1  ml  of  water  made 
isotonic  with  NaCI;  Burroughs  Wellcome’s 
Tuhatinc,  containing  3  tng  d-lebocurarinc 
chloride*,  1  mg  p-chloro-m-crcsol  (•l-ch!oro-3- 
inetliyl-phenol)  and  1  mg  potassium  metabi- 
sulfitc  in  1  ml  of  water  made  isotonic  with 
NaCI;  Squibb's  tubocumrinc.  chloride,  contain¬ 
ing  3  mg  r/-liibocurariiic  chloride,  9  mg  benzyl 
alcohol  and  1  mg  sodium  bisulfite  in  1  ml  of 
water  made  isotonic  with  NaCI.  Also  used 
were  the  pure  crystalline  r/-lnbocurarinc  chlo¬ 
rides  obtained  from  Abbott,  burroughs  Well¬ 
come,  Squibb,  and  Nutritional  Hioehemicals. 
Other  agents  used  were  reagent-grade  benzyl 
alcohol  and  •l-cbloro-3-mcthyl-plienol.  Drug 
vehicles  used  were:  Abbott  33S6,  containing 
9  mg  benzyl  alcohol,  1  mg  sodium  metabi¬ 
sulfite  and  4.6  mg  NaCI  in  .1  nd  of  water;  Ab- 
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Do.  ],  Effects  of  (Mubocinanre  on  contractile  tension  of  uiistiniulated  rabbit  left  and  right 
atria.  Left  side  of  figure;  C,  control:  N  +  H,  normal  and  rcsei pine-treated  atria  superimposed; 
It,  reset  pine-treated  atria;  N,  normal  atria;  B-W,  Burroughs  Wellcome;  NBC,  Nutritional  Uio- 
chemieais.  Ordinate,  contractile  tension  as  per  cent  of  control;  abeissa,  molar  concentration  of 
d-tuboemarinc.  ltight  side  of  figure:  Shaded  bar,  control;  clear  bars  after  addition  of  calcium; 
cross-hatched  bar,  alter  both  high  calcium  concentration  (-1  N)  and  d-lulrocurarmc.  Ordinate, 
contractile  tension  as  per  cent  of  control;  abeissa,  concentration  of  calcium  added  ns  multiples 
of  normal  (N  2.4  mM),  a  molar  concentration  of  rf-toboi marine.  Numbers  in  lower  parts 
of  bars  represent  the  numbers  of  atria  tested,  those  in  upper  parts  (right  side)  represent  heart 
rates. 
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CRYSTaLUM  d-TUBOCURARINE  (B-W) 

Fig.  2.  Effects  of  rf-tubocurarine  on  the  stimulated  and  unstinmlated  rabbit  left  and  right 
atrial  preparation.  Solid  line,  unstimulated;  dashed  lino,  stimulated.  Ordinate,  contractile 
tension  as  per  cent  of  control;  abcissa,  molar  concentration  of  d-tubocur, trine  (Burroughs  Well¬ 
come).  The  result  of  calcium  addition  is  shown  By  two  points  off  the  curve.  The  prepara¬ 
tion  was  washed  at  \V.  Vertical  bars,  standard  errors  of  the  means.  Six  atrial  preparations 
were  tested. 


bolt  3S41,  containing  1  mg  sodium  metabi- 
sulfitc  and  G.S  mg  NaCl  in  1  ml  of  water; 
Burroughs  Wellcome  placebo  (injection),  con¬ 
taining  1  mg  potassium  inelabisulfite  and  1  mg 
inetbylpai alien  (P-hydroxybenzoic  acid  methyl- 
ester)  per  ml  of  water  made  isotonic  with 
NaCl.  All  drugs  and  calcium  chloride  were 
made  up  in  concentrated  stock  solution  for 
use,  or  taken  directly  from  original  vials.  De¬ 
livery  of  drugs  or  calcium  to  the  organ  bath 
was  in  as  small  a  volume  as  possible,  depend¬ 
ing  upon  the  maximum  concentration  of  the 
drug  that  could  be  put  in  solution.  In  most 
instances  the  volume  did  not  exceed  0.1  mb 
Periods  of  15  to  30  minutes  were  allowed  be¬ 
tween  drug  or  calcium  additions  to  the  organ 
baths.  All  baths  were  oxygenated  with  a  mix¬ 
ture  of  95  per  cent  On  and  5  p 
Temperature  was  maintained  at  37  2. ,  G, 


and  pH  was  maintained  at  7.4  ±  0.5.  At 
times,  small  quantities  of  HCl  or  NnOH  had 
to  be  added  to  the  baths  to  adjust  p II. 

Results 

Effects  or  Cuystai.uni:  <f-Ttmocuv.vr.iNi:  ox 
Atiua  fhom  Xohmal  and  Reskrpixe* 
TREATED  RaMIII  S 

The  results  obtained  when  isolated,  unstimu¬ 
lated  atria  from  control  and  rcscrpinc-trcatcd 
(3.5  mg, 'kg  24  hours  prior  to  the  experiment) 
rabbits  were  subjected  to  crystalline  </-lubo- 
curarino  from  2.5  X  iO  4  M  to  10'5  M  are  de¬ 
picted  by  the  bar  graph  on  the  left  in  figure  1. 
There  were  no  significant  changes  in  contrac¬ 
tile  tension  in  either  contiol  or  reset  pine* 
treated  atria  when  (Muboeutarine  was  added. 
When  the  calcium  content  of  the  lUnget’s  solu¬ 
tion  Wits  raised  to  four  times  normal  (9.(>  mM 
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.  BURROUGHS-WELLCOME  d-TubocurarinellnjectableKM) 

"  **  "  +2N  Calcium 

Flc.  3.  Depressant  effect  of  injectable  d-tuboeornrine  preparations  nml  reversal  by  the  addi¬ 
tion  of  calcium.  Control  tension  is  given  in  the  first  bar  for  each  preparation.  Heart  rates 
arc  shown  at  the  top.  The  rate  of  the  spontaneous  right  atrium  was  not  significantly  different 
from  that  of  spontaneous  left-right  atria.  Ordinate,  contractile  tension  as  per  cent  of  control; 
abcissa,  molar  concentration  of  d-lubocurarinc.  Vertical  bars,  standard  errors  of  the  means. 


final  concentration)  there  was  a  significant  in¬ 
crease  in  contractile  tension  of  normal  atria. 
d-Tubocurnrinc  (2.S-3.5  X  10  '1  M)  had  no 
significant  effect  on  the  tension  of  these  atria 
in  the  presence  of  high  calcium  concentrations 
(bar  graph  on  the  right  in  figure  1).  In  fig¬ 
ure  2  we  show  the  results  of  an  experiment  to 
lest  the  effect  of  stimulation  on  the  left  and 
right  atrial  preparation  ’rented  with  d-tubo- 
curavinc  (2.5  X  10*'— 10-1  M).  (Previous  in¬ 
vestigators  reporting  curare  depression  used 
the  stimulated  left  atrial  preparation,1)  Stimu¬ 
lation  at  2/sec  (10  v)  increased  contractile 
tension  about  10  per  cent;  however,  d-tubo- 
cnrarainc  had  no  depressant  effect  on  either 
preparation  up  to  JO--'  M.  From  10'*  M  d* 
tuboemaiinr  to  J(H  M,  a  progressive  decline 
in  tension  was  observed.  The  addition  of  two 


times  normal  calcium  (final  concentration 
three  times  normal,  7.2  mM,  CaCl2)  increased 
the  tensions  of  both  stimulated  and  unstimu- 
latcd  atrial  preparations  (41  and  52  per  cent, 
respectively)  in  the  presence  of  5  X  10-*  M 
tubocurarinc.  The  addition  of  2  N  calcium  in 
the  presence  of  10-’  M  d-tubocurnrino  in¬ 
creased  atrial  tension  from  52  per  cent  to  160 
per  cent  of  control. 

Effects  of  Injectable  d-TunocuiwiUNE  on 
THE  CONTIIACTILE  TENSION  OF 

R  audit  Atiua 

A  dcorcssant  effect  of  Burroughs  Wellcome 
injectable  d-tuboour tiiinc  on  contractile  ten¬ 
sion  was  found  in  the  stimulated  left  atrial, 
spontaneous  right  atrial,  and  spontaneous  left 
and  right  atrial  preparations  (fig.  3).  There 
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was  a  direct  relationship  between  the  depres¬ 
sion  observed  and  the  eoneentration  of  drug 
used  for  each  preparation.  The  stimulated  left 
atrial  preparation  was  depressed  far  more  than 
either  of  the  spontaneous  pieparations.  In  the 
latter  there  was  no  further  significant  depres¬ 
sion  at  concentration  of  rf-tubocurarino  above 
3.5  X  10  *  M.  In  each  ease  when  the  calcium 
content  of  Hingcr's  solution  was  increased  by 
twice  the  normal  concentration  (final  concen¬ 
tration  three  'lines  normal,  7.2  m.M  CaCb)  the 
depression  was  completely  reversed.  In  figure 
4  the  depressant  effect  of  Abbott’s  injectable 
rf-lubocurarine  on  contractile  tension  is  shown. 
These  results  arc  similar  to  those  obtained  with 
the  burroughs  Wellcome  product.  Similar  ex¬ 
periments  with  Squibb's  injectable  (/-tubocura¬ 
rin  e  produced  similar  results.  In  figure  4 
results  obtained  with  the  two  vehicles  for  d- 
tubocurarine,  Abbott  3386  and  3841,  are  illus¬ 


trated.  Vehicle  3386  had  a  depressant  effect 
similar  to  that  of  the  injectable  luhoeurarine, 
while  3811  did  not.  The  depression  resulting 
from  3386  was  reversed  by  calcium.  The  de¬ 
pression  by  33S6  obtained  upon  the  addition 
of  1.0  ml  to  the  bath  was  not  significantly  dif¬ 
ferent  from  that  obtained  with  8  X  10-5  M  d- 
tuhocurarine  (final  hath  concentration  upon 
the  addition  of  1  ml  of  the  injectable  drug  to 
the  bath).  The  vehicle  used  for  Abbott’s  in¬ 
jectable  tuliocurniine  chloride  in  these  experi¬ 
ments  was  identical  to  3386. 

EFFECTS  OF  liENZYL  Al.COIlOL  AND  4-Clli.cllO- 

3-Metjiyi.  I’nr.NOi.  on  Atrial  Tension 

The  depressant  effects  of  Squibb’s  and  Ab¬ 
bott’s  (/-tubocui mine  on  atrial  tension  resulted 
fiom  the  benzyl  alcohol  contained  in  their  ve¬ 
hicles  (fig.  5).  benzyl  alcohol  had  the  depres¬ 
sant  effect  previously  accredited  to  the  r/-tubo- 
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Etc.  4.  Depressant  efTeets  of  Abbott’s  injectable  (/•tuhoeur.ninc  and  vehicles  33Sf>  and  3811 
and  calcium  reversal.  Control  tension  and  rate  at  top  of  figure.  Ordinate,  contractile  tendon 
as  rnr  cent  of  control:  alrvissa,  tnelar  eoneentration  ot  (/-tulKx  ur.nme,  calcium  eoncentiation  ns 
ni  .lliplc  of  normal  (N  2.4  mM),  mid  volume  of  vehicle  delivered.  Numbers  at  lower  parts 
of  bais,  munWrs  of  atria  tested;  vertrclo  bars,  standard  errors  of  the  means. 
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Fic.  5.  Depressant  effects  of  benzyl  alcohol  and  4-c)i)oro-3-mcthyl  phenol  on  the  unstimu¬ 
lated  left  and  right  rabbit  atrial  preparation.  Reversal  by  lire  addition  of  calcium  is  shown  by 
isolated  points  in  llic  figure  both  before  and  after  washing  (at  “wash”  arrow).  Control  rate 
and  tension  for  atria  tested  with  benzyl  alcohol  arc  given  at  the  top,  for  those  tested  with  the 
phenol,  rate  and  tension  are  shown  in  control  bar.  Numbers  in  parentheses  under  the  curve 
indicate  heart  rate.  N,  number  of  atria.  Number  in  lower  part  of  shaded  bar,  numhc  of 
atria.  Ordinate,  contractile  tension  as  per  cent  of  control;  abcissa,  concentrations  of  benzyl 
alcohol  and  phenol  in  g/ml. 


curarine.  Tire  active  preservative  in  tire  Bur¬ 
roughs  Wellcome  product  is  •l-ch)oio-3-tnethyl 
phenol.  When  tested  in  15  preparations,  it  re¬ 
duced  the  tension  of  the  spontaneous  right  and 
left  atrial  preparation  30  a:  5  per  cent  at  2  X 
10  a  g/ml,  The  addition  of  calcium  to  as 
much  ns  two  times  norma)  reversed  Iroth  the 
benzyl  alcohol  and  the  phenol  depressions. 

Effects  or-  AomrioN  ok  Benzyl  Alcohol  to 
Atiu  sl  Preparations  after  Annmos 
of  CaafM 

Experiments  were  done  to  detenninu  the 
effects  of  prclieatmciit  of  the  isolated  atria 
with  high  calcium  concentrations  prior  to  the 
addition  of  bcn/.yl  ulcoltol,  and  benzyl  alcohol 
plus  </-tubociir.uine.  Results  of  these  experi¬ 
ments  are  presented  in  table  ].  At  1.25  nor¬ 


mal  calcium  (final  concentration),  10  :  to  10  4 
g  ml  benzyl  alcohol  reversed  slightly  the  posi¬ 
tive  inotropic  effect  of  lire  calcium.  At  1.5  and 
2.0  norm.''  calcium,  benzyl  alcohol  did  not 
overcome  the  calcium  response.  At  2.5  nor¬ 
mal  calcium,  the  addition  of  the  alcohol  re¬ 
sulted  in  arrhythmias  in  all  instances,  sj  that 
the  experiments  were  terminated.  Addition  of 
1  ng  of  cf-tulinc  marine  with  each  mg  of 
benzyl  alcohol  did  not  affect  these  results.  In 
tlresc  experiments  the  increase  in  calcium 
caused  an  increase  rn  heart  rate  as  well  as  an 
inotropic  response.  At  1.25  normal  calcium, 
10’*  g  'ml  benzyl  alcohol  brought  lire  rate  back 
to  control  from  an  increase  of  25  |x-r  cent 
nbovc  control.  At  1.5  normal  calcium,  benzyl 
alcohol  only  decreased  tire  rate  toward  normal, 
about  10  per  cent.  At  higher  calcium  conceit- 
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Taiilk  1.  Effects  of  ltenzyl  Ali'olml  on  Atrial  Preparations  after  (he  Addition  of 
Calcium  (Control  Tension  1 0  -fc  1  ing/mg;  Control  l!alc  137  i  2  Kcats/min) 


C'nlrimn  f'murn- 
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*  Atria  wore  .xo'ojeclod  in  each  instance  to  l.j  1  to  JO"4  g  'ml  benzyl  alcohol,  with  the  same  result  ob¬ 
tained  at  all  concent  rations.  This  amount  of  benzyl  alcohol  is  equivalent  to  1.1  X  10s  to  1.1  X  10  *.M 
iMlibocorarino.  Kesults  obtained  with  benzyl  alcohol  plus  ciystallino  </-lul)oeurarine  (1  in"  for  each  lri" 
benzyl  alcohol)  after  calcium  were  not  significantly  different  from  those  oMaiuo.!  without  the  (/-lubocuialine. 

f  Percent  reduction  in  tension  and  rate  from  increased  level  earned  by  calcium  addition,  i.e.,  benzyl  al¬ 
cohol  reduced  t lie  rate  to  control  level  when  added  after  1  .25  N  calcium  chloride. 


trillions  benzyl  alcohol  h;ul  no  effect.  The  de¬ 
crease  in  rate  observed  after  the  addition  of 
the  benzyl  alcohol  to  the  high-calei' un-concen- 
tralion  solution  could  be  restored  to  the  initial 
high  level  (25  per  cent  above  control)  by  tbe 
further  addition  of  0.5  normal  calcium  (1.2 
mM). 

Effects  of  Hoivnovcns  Weli.com  r:  Vkiiici.f. 

Containing  N’tanitu  Benzyl  Alcohol 
Non  4-Ciu.ouo-3-Mi:tuvl  Pmkxol 

In  20  experiments  with  the  spontaneous  left 
and  right  alti.d  preparation  this  vehicle  bad 
no  c fleet  on  either  atrial  rate  or  tension  in  vol¬ 
umes  equivalent  to  the  volumes  of  the  bur¬ 
roughs  WYlleotne  injectable  d-Uihocmarine, 
which  contained  10  *  to  HP"  g/ml  of  •1-chloro- 
3-inetbyl  phenol. 

Except  for  the  e.xpei  iincnts  in  which  the 
ealeiutu  tvnccntiation  was  increased  before  t!,.- 
addition  of  any  other  ding  no  significant 
changes  in  heart  i.ite  weir  observed  in  these 
studies.  When  ealeiuin  was  added  fust  tfierc 
was  usually  an  inciease  of  ahont  25  per  cent 
with  the  initial  increase  of  calcium  of  onc- 
fomth  mutual.  No  blither  inct cases  weir  oh- 
seised  'villi  gi eater  amounts  of  calcium. 

Discussion 

h'or  many  years  it  was  assumed  that  cut. tie 
hud  no  caidiae  cffcels.*- ,n  The  nhsciice  of 
clinical  or  cxpciimrnl.il  evidence  In  the  con¬ 
trary  attested  In  the  validity  of  this  assump¬ 
tion,  hi  1905,  based  o-i  clinit.d  olv-oivatiuns 
of  patients  in  wImuii  if  tnl  sh-iii  aiine  had  re¬ 


versed  various  vcntiicular  arrhythmia;:,  includ¬ 
ing  fibrillation,  and  upon  similar  results  ob¬ 
tained  in  dogs,'1  Dowdy  and  her  co-woikcrs 
studied  the  effects  of  d-luliocu  ratine  in  tbe  iso¬ 
lated  perfused  rabbit  heart.  They  observed  a 
quinidine-like  action  of  d-tubocuraiino.5  Tlicsc 
authors  did  point  out  at  the  time  that  the  rf- 
curarinc  did  not  correct  atria!  fibrillation.  In 
a  subsequent  study4  it  was  reported  that  (I- 
tubocuraiine  bad  a  dipressant  action  on  the 
contra- tile  tension  of  isolated  left  atria  of  rab¬ 
bits  which  could  be  reversed  by  high  conceit 
tuitions  of  calcium.  The  results  of  the  pirsent 
stud),  however,  indicate  that  rf-tubueurarine 
has  no  depressant  effect  on  atrial  muscle  ex- 
(vpt  at  vet y  high  concentrations  (10  -  M). 
hut  that  the  vehicles  in  most  commercial  ptepa- 
ralions  contain  substances  which  do  depnss 
the  eonti.utile  tension  of  atiial  tissue.  In  addi¬ 
tion,  this  depression  c.otsi  d  by  the  solvent  is 
tcveisible  by  high  calcium  emieentiatiom'  The 
minimum  coticcntiulion  used  both  in  t  ic o  and 
in  t  ilio ' • 4  in  the  c.ulii  i  studies  (10  •  Ml,  if 
used  in  the  commmi.d  injectable  fotm  (not 
specified  in  methods),  would  he  accompanied 
by  S  X  10  ‘  M  bcn/v!  alcohol  or  7.7  X  10  M 
-1-chloio-d  nu  tlis  1  phenol.  \Ve  have  ob'cixcd 
that  these  Mthsl.int  es  at  these  colli  Vlltia'.  ions 
can  account  foi  the  di  pie»v.mt  ifsitlts  obtained. 
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('.lorge  II.  IL-rlxiiim.  Abbott  l.abi-atuiics'  Mo 

Itaib.u.i  Steal  to.  Hie  S'cabb  betitutc;  aed  t).< 
W.  I'.  Cob, ti  .usd  Piter  Pon  Pie  line  It-  Well- 
num*  ami  (a*„  in  ,  .-mi;  the  vaiieus  taii.uC 
pnpal.itioiis  .mil  0  phicidmx 
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AlifJTKACT 

MUUriiY,  C.  JAMl'.S ,  JAMES  Ji.  JUSTICE ,  AND  OLIVER  CARRIER,  JR:  Acute 
diuretic  response  of  guanethidinc  and  rererpinc. 

Rose rpinc  nnd  guanethidinc  have  been  reported  !:o  enure  n  lost;  of 
rabbit  aortic  tissue  electrolytes,  however,  no  excretion  router,  for 
there  have  been  defined.  In  the  prerent  study,  blood  and  urtnc 
electrolyte  changes  i.vre  studied  in  dogs  immed lately  after  ndminist ra¬ 
tion  of  C  .5  mg/kg  I.V.  rcrej-pine,  15  nig/kg  gunnel  hidiro  or  5  nl  cf 
Serpasil  placebo  to  see  if  tissue  electrolyte  loss  v.vu:  reflected  in 
these  fluids.  Belli  rcserpine  and  guanelhidine  produced  an  increase 
in  urine  volume  and  electrolytes.  After  resexpine  blood  sodiun  in¬ 
creased  10  mEq/i  of  plasma  (72)  initially  then  dropped  back  to  control 
levels.  Ocher  blood  electrolytes  were  unchanged.  Guanethidinc  cid 
not  effect  any  blood  electrolyte  substantially.  The  diuretic  anc 
saluretic  response  produced  by  there  drugs  lasted  only  during  the 
first  two  hours  after  administration.  It  is  concluded  that  the 
electrolyte  losses  obferved  in  these  studies  can  account  for  the 
major  amount  of  vascular  tissue  sodium  and  poiarr.:um  lest  after 
rcserpine  admin i sc j alien,  and  for  a  part  of  the  calcium  loss. 


iNTKOinxm  0:1 

Restrpinc  (Serpasi  1)  causer,  a  significant  lo;;s  of  vascular 

tissue  calcium,  sodium  and  potassium  (1,2,3).  These  latter  authors 

(3)  also  obtained  evidence  that  a  great  part  of  the  calcium  loss 

appeared  in  the  feces  during  the.  first  two  hours  after  administration 

of  the  reserpine,  however,  no  route  for  the  sodium  or  potassium  loss 

has  as  yet  been  shown.  It  is  thus  of  some  interest  to  study  the 
» 

effects  of  reserpine  on  urinary  electrolyte  excretion  in  order  to 
find  the  possible  route  of  sodium  and  potassium  loss  caused  by’  the 
drug.  Previous  reports  are  not  in  agreement.  Moyer,  et  al.  (6) 
reported  that  there  was  no  change  in  electrolyte  loss  or  urine  out¬ 
put  following  reserpine  administration  to  dogs,  while  Do Pc lice  (5) 
reported  a  slight  increase  in  urine  output  and  sodium  loss  from 
hydrated  dogs  given  reserpine.  It  is  known  that  the  long  term  re¬ 
sponse  to  reserpine  is  a  decreased  urine  output  thought  to  be 
mediated  by  an  increase  in  anti-diuretic  hormone  secretion  (4)  . 
However,  no  report  of  the  short  term  effects  of  reserpine  has  been 
made.  Based  on  the  fact  that  flic  electrolyte  losses  caused  by 
reserpine  appear  to  peak  during  the  first  two  hours  (3)  it  is 
possible  that  during  this  same  time  period  changes  in  electrolyte 
and  water  excretion  may  occur  which  could  account  for  the  vascular 
tissue  electrolyte  losses. 

The  subject  of  the  present  report  is  the  results  obtained  in 
a  study  of  tlu;  electrolyte  and  water  excretion  which  occurs  in  dogs 
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upon  acute*  intravenous  adnl.nist.rnt ion  of  ruserpine.  It  is  shown  that 
during  Lhc  first  90  minutes  there  is  an'  in  cron;  in  urine  output  and 
urinary  electrolyte  excretion. 

The.  antihypertensive  agent,  guanethidine  (Ismclin)  appears  to 
have  many  effects  similar  to  those  of  reserpine  though  thc-y  are 
thought  to  be  mediated  by  different  mechanisms,  Both  drugs  lover 
blood  pressure,  both  lower  catecholamine  content  of  sympathetic  nerve 
ends,  and  both  effect  aortic  tissue  calcium  (7,8,9).  There  are 
diffei'cnccs  however,  F.nsevpine  is  lipid  soluble;  guanethidine  is 
water  soluble.  Guanethidine  does  not  enter  the  central  nervous  system 
as  rcserpinc . does.  Both  drugs  have  a  long  term  anti-diuretic  action. 
Because  of  these  similarities  and  differences  it  was  thought  to  be 
of  value  to  use  guane'thidine  in  these  studios  as  well  as  reserpine. 

METHODS 


Seventeen  female  mongrel  dogs  weighing  12-20  kg  were  used  in 

*. 

this  study.  The  animals  were  anesthetized  with  30  mg/kg  sodium 
pentobarbital.  One  femoral  artery  was  cannulotcd  from  which  blood 
pressure  was  measured  with  a  Statham  pressure  transducer  and  recorded 
on  an  F.&M  Physiograph  recorder.  One  femoral  vein  was  cannulated  for 
injections  and  blood  sampling.  Both  ureters  wore  cannulated  distal 
to  the  bladder  with  I*E-50  polyethylene  tubing.  A  45  minute  equili¬ 
bration  period  was  allowed  following  the  surgical  procedures.  After 
equilibration  three  urine  samples  (10  minute,  volume)  and  three  5  ml 
blood  samples  were  taken.  The  average  of  these  was  taken  as  control. 
All  of  the  animals  were  injected  intravenously  with  15  mg/kg  guano thi- 
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dine  (1 smol in-ClbA) ,  0.5  mg/kg  re.se  rpine  (Sc-.rpns j  1  -CIV, A)  or  5  ml  of 
So rposj 1  placebo.  Five  animal r;  ver o  protrcnfced  with  n  total  of  0.5 
mg/lg  rcserpine.  over  a  two  day  period  (0.35  mg/kg  the  first  day  and 
0.15  mg/kg  the  second  day)  pro  ceding  the  acute  procedures.  After 
administration  of  the  drugs,  blood  and  urine  samples  were  taken  as 
shown  on  the  respective  tables. 

Serum  and  urine  samples  v?ere  analyzed  for  sodium  and  potassium 
content  on  an  Instrumentation  Laboratories  flame  photometer  and  calcium 
was  determined  with  a  Perkin -Elmer  model  303  atomic  abosrption  spectre- 
photometer. 


RESULTS 


Effects  of  acute  reserpinc  on  urinary  output  of  water  and 
electrolytes.  As  shown  in  Table  1,  Q.5  mg/kg  reserpine  caused  both 
increased  water  and  electrolyte  losses  durir  .he  first  10  minutes. 

The  response  from  one  dog  to  another  was  extremely  variable  but 
electrolyte  excretion  did  peak  in  30-45  minutes  in  all  the.  animals. 
After  the  peak  was  reached,  the  excretion  rate  remained  high  for 
20-40  minutes  and  .hen  dropped  off  sharply.  There  was  no  significant 
change  in  blood  pressure  during  the  experimental  period. 

The  average  urinary  electrolyte  concentration  in  microequiva¬ 
lents  per  minute  and  urine  volume  in  ml/min  from  7  dogs  is  shown 
in  Fig.  1.  The  shape  of  the  calcium  and  sodium  excretion  rote 
curves  are  very  similar  to  the  urine  output  curve.  There  was,  however, 
no  apparent  correlation  between  these  and  the  potassium  excretion  rate. 


Effects  of  Serpnsil  placebo  on  electrolyte,  and  urine  oxcro. tiotu 


responses  by  two  animals  after  an  injection  of  Sorpasil  placebo, 
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Cl HA's  vehicle,  for  reserpine,  are  shown  in  Tabic  2.  There  was  a 
slight:  increase  in  electrolyte  excretion  during  the  experimental 
period,  and  no  significant  change  in  urine  output. 

Effects  of  guanellii  dine  on  electrolyte  and  urine  excretion . 

The  animals  given  guancthidino  (15  mg/kg)  showed  an  increased  urine 
output  and  electrolyte  loss.  Sodium  and  potassium  losses  were 
very  similar  to  urine  output.  There  was  an  immediate  rise  after 
drug  administration  in  both  electrolyte  excretion  and  urine  out- 
put  which  peaked  in  20-30  minutes.  Blood  pressure  rose  about  50  to 
70  mmlig  and  the  rate  and  the  duration  of  the  rise  resembled  the 
urine  and  electrolyte  curves  (Table  3) .  Calcium  excretion  consistently 
decreased  after  guanethidine  administration  but  followed  no  set  pattern 
and  is  not  shown. 

Effects  of  reserpine  and  guanethidine  on  electrolyte  and 
urinary  excretion  in  animals  prctrcal  .  with  0.5  mg/kg  reserpine. 

The  blood  pressure  of  the  animals  pretreated  with  reserpine  for  two 
days  prior  to  the  acute  experiments  was  significantly  lower  than 
control  animals.  There  was  no  apparent  difference  in  urine  output, 
and  only  in  one  animal  was  the  sodium  excretion  rate,  significantly 
different.  The  re  was,  however,  a  very  obvious  high  excretion  rate, 
for  potassium  in  four  of  the  animals,  a  finding  worthy  of  further  in¬ 
vestigation.  There  was  a  variable  change  in  electrolyte  loss  after 
0.5  »»g/ kg  reserpine  was  administered  acutely  to  animals  which  had 
been  pretreated  with  0.5  mg/kg  reserpine  over  a  two  day  period 
(Table  A) .  After  15  mg/kg  guanethidine  there  appeared  a  great  vari¬ 
ability  in  sodium  and  potassium  excretion,  and  no  significant  change 
in  urine  output,  during  the  experimental  period.  There  was,  however, 
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a  decrease  in  Mood  pressure .  One  dog  (Table  5)  bad  a  decrease  in 
electrolyte  excretion  20  minutes  after  guano  Uridine .  A  comparison 
of  the  maximum  changes  in  electrolytes,  blood  pressure  and  urine 
output  which  occurred  under  all  treatments  used  in  these  experiments 
is  presented  in  Table  6. 

Effe c ts  of  gunnothldxno  and  rescrplne  on  serum  electro lyres . 
Guanc  ildine  produced  no  detectable  change  in  scrum  electrolytes. 
Rcserpine  caused  a  10%  rise  in  serum  sodium  at  20  minutes  which  was 
followed  by  a  decrease  of  the  same  magnitude  in  sodium  after  90 
minutes.  No  detectable  change  in  serum  calcium  or  potassium  con¬ 
centration  occurred  (Fig.  2) . 

DISCUSSION 

In  the  present  study  both  rcserpine  and  guancthidine  produced 
an  initial  short  term  diuretic  effect  which  preceded  their  well 
known  anti-diuretic  effect.  Urine  sodium,  potassium  and  calcium 
excretion  increased  after  resex-pine.  The  curves  describing  these 
losses  were  very  similar  for  sodium,  calcium  and  urine.  Potassium 
loss,  which  was  much  loss  then  the  sodium  loss,  followed  a  different 
time  course  which  probably  reflects  the  diffex-ence  in  renal  handling 
of  potassium  from  either  sodium  or  calcium.  The  concentrations  of 
sodium  and  calcium  in  the  urine  during  the  time  of  observation  did 
not  vary  significantly.  We  are  thus  probably  seeing  simply  the  re¬ 
sult  of  an  increase  sodium  and  calcium  load  presented  to  the  kidney. 
This  increased  load  being  reflected  by  the  slight  rise  in  blood 
sodium  content:  after  rcserpine .  The  sodium  loss  probably  caused 
the  concomitant  water  loss  by  osmosis.  The  potassium  loss  which  in 
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much  smaller  is  probably  duo  to  the  high  sodium  in  tho.  urine  in 
the  distal  region  of  the  tubules  stimulating  the  sodium-potassium 
exchange  mechanism.  These  data  suggest  that  the  roserphie 
mediated  electrolyte  loss  from  vascular  tissue  previously  reported 
(1,2,3)  occurs  in  the  following  sequence:  sodium,  potassium  .and 
calcium  leave  the  vascular  tissue  to  enter  the  blood  stream  to  he 
excreted.  Excretion  of  calcium  then  occurs  principally  through  the 
intestine,  while  the  principle  loss  of  sodium  and  potassium  occur 
ill  the  urine.  These  events  appear  to  occur  only  during  the  first 
few  hours  after  one  dose  of  reserpine. 

.  The  response  produced  by  guanethidine  may  he  related  to  the 
increased  blood  pressure  which  occurs  during  the  first  hour  or  so 
after  its  administration  because  the  time  course  of  urine  end  electro¬ 
lyte  losses  were  very  similar  to  the  blood  pressure  change.  Reserpine 
caused  no  such  increase  in  blood  pressure  and  its  effects  on  calcium 
excretion  were  qualitatively  different  from  that  of  guanethidine. 

Since,  neither  guanethidine  nor  reserpine  produced  definite  trends 
in  electrolyte  excretion  in  reserpine  pre treated  dogs  it  would 
appear  that  at  least  part  of  the  observed  changes  which  occurred 
after  administration  of  both  drugs  was  related  in  some  manner  to 
catecholamine  release  by  sympathetic  nerve  ends.  However,  pre treatment 
with  reserpine  48  hours  before  an  acute  experiment  would  also  pre¬ 
vent  further  electrolyte  losses  during  the  acute  experiment. 


•***.». 
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Mean  urine  and  electrolyte:  excretion  rates  for  120  minuter; 
after  acute,  administration  of  0.5  mg/kg  reserpine  to  seven 

dogs.  Ordinate :  urine  output  in  ml/rnin,  sodium  ( - ■)  , 

potassium  ( - )  and  calcium  ( - •)  excretion  rates  in 

niEq/inin.  Abscissa :  time  in  minutes. 

Plasma  sodium  ( - ),  potassium  ( - )  and  calcium  (• - ) 

concentrations  for  100  minutes  after  administration  of  0.5 
mg/kg  reserpinc  to  seven  dogs.  Ordinate:  plasma  electrolyte 
concentrations  in  mEq/1.  Abscissa:  time  in  minutes. 


fj  Eq  No+/min.  p  Eq  K+/min.  pEq  Co^min.  CC  Urine/min. 


URINE  OUTPUT 
(N=7) 


Time  (Minutes) 


FIGURE  1 
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Table  2 

ELECTROLYTE  AXD  URINE  EXCRETION  RATES  AND  BLOOD  PRESSURE  RESPONSES  AFTER  SERF AS IL  PLACEBO  (5cc) 
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Table  4 

CTEQLYTE  AND  URINE  EXCRETION  TATES  AFTER  RESERPINE  (0.5  mg/kg)  IN  3  ANIMALS  PRETREATED  WITH  RESERPIXE  (0.5  xg/kg) 
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ABSTRACT 


MURPHY,  JAMES  C.  ,  AND  OITO  CARRIER,  JR.  Superscnsltivlty  in 
vascular  smooth  l.ms cl c  in:i. tinted  hy  the  cold.  Am.  J.  Physiol. 

The  isolated  branch  of  the  dog  femoral  artery'  was  found  to  be  super- 
sensitive  to  norepinephrine  after  24  hours  refrigeration  in  normal 
Ringer's.  The  rabbit  aorta  could  only  be  made-  supersensitive  in  24 
hours  if  twice  normal  ca-ciun  (4.8  mil)  was  added  to  the  Ringer's 
solution  prior  to  refrigeration.  The  potentiation  observed  in  the 
rabbit  aorta  was  greater  at  lower  doses  of  norepinephrine,  while 
potentiation  of  the  femoral  responses  was  greater  at  the  higher 
doses  of  norepinephrine.  Angiotensin  and  vasopressin  responses 
were  depressed  after  cold  storage.  However,  vasopressin  was  more 
responsive  after  rapid  cooling  and  reheating.  Cold  storage  in  the 
presence  of  1  x  10  ^  g/ml  norepinephrine  had  no  effect  on  the  re¬ 
sults.  Electrolyte  changes  were  studied  and  the  data- suggest  that 
an  increased  availability  of  calcium  to  the  contractile  mechanism 
after  cold  storage  may  be  the  cause  of  supersensitivity. 

cold  storage;  temperature  effects;  vascular  tone;  vascular  response; 
norepinephrine;  angiotensin,  vasopressin;  sodium;  potassium;  calcium; 
s  uperr.cn  si.  I  i  v.i  t  y 


Changes  'in  temperature- can  result  In  very  Important  changes  In 
cardiovascular  function.  This  becomes  especially  notable  in  the 
vasculature.  The  very  well  known  and  vital  responses  of  skin  and 
other  regional  blood  vessels  to  changes  in  the  external  environment 
temperature  is  only  one  example  of  the  role  temperature  changes  nay 
play.  Several  studies  have  indicated  that  most  vessels  are  less 
responsive  to  stimuli  at  low  temperature,  and  that  they  constrict  in 
response  to  the  cold,  Folkow  (4)  found  that  temperatures  below  37°C 
produced  acute  vasoconstriction  in  both  man  and  animals.  This  has 
also  been  shorn  by  several  other  groups  (7,8,9,12).  The  fact  that 
this  acute  response  to  cold  can  be  prevented  in  situ  by  alpha-adrenergic 
block’  g  drugs  or  sympathectomy  indicates  an  involvement  of  the  autonomic 
nervous  system. 

It  is  well  known  that  temperature  changes  can  affect  the  results 
studies  of  isolated  vascular  tissues.  When  drug  responses  are 
determined  using  isolated  muscle  preparations,  the  organ  bath  temper¬ 
ature  must  be  maintained  constant  in  order  to  obtain  reproducible 
results.  In  a  recent  review  Somlyo  and  Somlyo  (14)  stated  that  drug 
responses  vary  with  temperature.  They  point  out  that  among  different 
typos  of  blood  vessels  this  temperature  dependence  is  variable,  but 
in  most,  if  not  all,  instances  there  is  a  minimum  temperature  be low 
which  the  smooth  muscle  no  longer  responds  at  all  to  drugs  or  other 
stimuli. 

Though  there  are  several  studies  in  the  literature  on  the  effects 
of  temperature,  mbs t  arc  incidental  to  some  other  aspects  of  the 


{itnd.it':;.  There  are  none  which  have  produced  evidence  on  the  mechani  r.m 
of  action  of  cli an gee.  induced  by  temperature  variation.  It  was  thus  of 
non'.?,  interest  to  study  the  influence,  of  temperature  change  on  blood 
vessels  which  may  he  of  imporl.mee  in  contributing  to  the  peripheral 
resistance  of  the  cardiovascular  system,  and  to  attempt  ’•o  elucidate 
the  mechanism  involved.  The  subject  of  the  present  report  is  the  re¬ 
sult  of  such  a  study. 

METHODS 

Isolated  Perfused  blood  Vessels 

Blood  vessels.  The  vessels  used  were  lateral  blanches  of  “he 
femoral  artery  of  the  dog  and  were  approximately  2  cm  in  length  and 
0.5  mm  inside  dinmete  .  They  were  obtained  from  mongrel  logs 
weighing  10-15  kg.  The  animals  were  anesthetized  with  30  mg/kg  sodium 
pentobarbital,  given  2  tog/lcg  heparin  i.v.,  and  bled.  Immediately 
after  the  death  of  the  dog  the  vessels  were  cnnnulnted  In  situ  with 
two  twenty  gauge  needles  which  had  been  blunted,  buffed,  and  standard¬ 
ized.  The  needles  were  tied  in  the  vessels  secure Ly  with  their  tips 
1  cm  apart.  After  removal  from  the  animal,  the  vessels  were  placed 
in  oxygenated,  warm  Tyrone's  solution  (37°C)  until  used. 

Aj>J2_p_v tr usp  Each  vessel  used  was  mounted  in  one  of  two  identical 
chambers  containing  Tyrodc’s  solution  and  perfused  under  a  constant 
pressure  of  100  nmllg  from  a  reservoir  placed  nt  the  height  necessary 
to  maintain  the  desired  pressure.  A  diagramlic  drawing  of  apparatus 
is  nhov.n  in  l’iguro  1  (for  further  details  of  the  method  see  Carrier 
nud  Holland  (2)).  Chamber  tor.pe.vat tire  war.  regulated  by  changing 


the  temperature  of  voter  passing  from  the  Lauda  constant  temperature 
water  hath  through  the  outer  jacket  of  the  perfusion  apparatus.  The 
chamber  medium,  as  V7e.ll  as  the  perfusate,  was  oxygenated  with  a  95% 
oxygen  and  a  5%  carbon  dioxide  gas  mixture.  The  pH  of  the  bath  and 
perfusate  was  maintained  at  pll  7. 4  ±  .05.  The  perfusate  passed 
through  a  series  of  coils  located  in  the  outer  jacket  of  the  chamber 
before  reaching  the  vessel  so  that  the  perfusate  and  hath  solutions 
were  at  the  same  temperature.  Pressures  were  measured  with  an  E till 
transducer  and  recorded  on  an  F.6M  Physiograph  recorder.  Flow  through 
the  vessels  was  determined  by  on  E&M  quartz  crystal  drop  counter  and 
recorded  on  the  Fhysiograph  recorder. 

Procedure.  Both  fresh  and  refrigerated  vessels  were  studied  by 
this  technique.  The  fresh  vessels  used  as  controls  were  mounted  in 
the  chamber  within  one  hour  after  removal  from  the  animal  and  then 
perfused  at  37°C  for  one  hour  before  the  experiment  was  started.  The 
refrigerated  vessels  were  stored  in  Ringer’s  solution  at  6°C  for 
various  periods  of  time.  After  this  refrigeration  period,  they  were 
allowed  to  warn  to  room  temperature  while  being  oxygenated  for  60 
minutes  before  being  placed  in  the  chamber.  After  being  placed  ;!n 

i 

the  perfusion  chamber  these  vessels  were  then  treated  in  the  name 
manner  as  the  fresh  vessel*;.  Test  drugs  wore  injected  via  n  three 
way  stopcock  in  the  perfusion  system  ju:;t  ahead  of  the  vessel.  Con¬ 
cent  rations?  shuns  In  Figures  and  Tables  are  total  free  base  issjected. 
(Oise  has  to  nsr.uma  this  is  the  approximate  concentration  the 
vessel  is  subjected  to;  art  uni  concentration??  at  rvveptor  is  de¬ 
pendent  upon  flow  rate,  vessel  litsvss,  etc,).  Tempo rat use  was  decreased 


52. 


or  Increased  in  increment!,  of  3  degrees  cent l grade  and  dose-response 
enrw:.  vie  obtained  at  car’  temporal" urc . 

After  the  initial  equi.1  i l» ration  period,  uoks  of  the  fresh  vessels 
were  rapidly  cooled  to  27°C,  then  relumed  to  3  ’°C  an  d  re  tested  to 
determine  if  any  changes  tool:  place  during  the  rapid  cooling.  Tem¬ 
perature  was  then  raised  and  the  response  to  drugs  at  higher  tenpera- 
tuxvs  war.  studied.  An  alpha  adrenergic  blocking  agent  was  used  to 
dot ermine  if  any  change  in  receptor  affinity  occurred  during  cither 
rapid  cooling  or  storage.  The  dose-response  relationships  were 
obtained  by  determining  the  decrease  or  increase  in  flow  (drops /min) 
at  constant  pressure.  After  each  test  dose  of  a  particular  drug,  the 
vessel  was  allowed  to  return  to  control  flow  before  a  second  dose 
was  applied.  There  was  as  a  result  a  minimum  of  twenty  minutes  between 
each  dose.  Drugs  were  injected  in  0.1  ml  volumes.  All  drugs  were 
prepared  for  use  from  concentrated  stock  solutions  just  prior  to  their 
use.  Stock  solutions  were  kept  in  the  re frige  rot or,  and  all  solutions 
were  made  with  dc ituYlncd,  glass  d  at  tiled  water. 

Rabbit  Aortic  St rio  Pvepccnt  u*‘i 

Albino  rabbits  of  both  «•«*?!  weighing  2  kg  we  re  stunned  by  a  blew 
on  the  back  of  the  head  end  hi  4  via  the  carotid  arteries.  The 
thoracic  aorta  was  removed  cud  placed  In  oxygenated  ginger's  solution. 

Tin:  excess  fat  and  connect  iw  tirsuc  Were  then  cltnftet  *»*  the  vessels. 
Spiral  hel5r.il  strips  2  to  3  m  vide  and  about  20-30  »«  in  length  were 
then  prepared.  Four  strips  were  cut  from  each  aorta  and  mounted  ver¬ 
tically  in  100  nl  organ  clnifbei’rt. 

The  strip!,  ivrv  tied  at  w  end  to  a  glass  rod  in  the  lower 
part  of  t )«*  ch.H ;!:•  r  ;aid  the  oiln'*  end  lied  to  a  Grass  Pf~03  strain  gsugp. 


The  chambers  wore  filled  with  Hinder's  solution.  The  temperature  nnd 
pi)  were  monitored  and  maintained  at  37°C  and  pH  7.  A  t  0.5.  A  gas 
mi::t.uro  of  95%  ,  5%  CO ^  was  bubbled  through  the  solution  through¬ 

out  all  procedures.  Refrigerated  vessels  were  maintained  in  rormal 
Ringer's  solution,  siero-calciui.i  Ringer's  solution,  or  twice -normal- 
calcium  Ringer's  solution  at  6°C  for  1  to  A  days.  No  gas  was  added 
to  this  medium  during  the  refrigeration  period.  After  the  refriger¬ 
ation  period  these  vessels  were  washed  three  times  in  normal  Ringer's 
solution,  warned  to  37°C,  then  treated  in  the  same  manner  as  the 
non-ref rigerated  vessels.  After  the  strips  were  mounted  in  the  organ 
chambers,  1.5  g  tension  was  applied  one  hnur  prior  to  testing  with  the 
drugs  and  maintained  throughout  the  experiment.  The  vessels  refriger¬ 
ated  in  zero-calcium  RLnger's  solution  were  tested  in  low  calcium 
Ringer's  solution. 


The  aortic  strips,  after  being  exposed  to  various  temperature  au¬ 
ditions  (See  Table  2),  wove  subjected  to  various  doso«  ^f  norepinephrine 
or  angiotensin  .’aid  Isometric  contractions  were  recorded  by  means  of 
the  strain  gauges  end  a  Grass 'modal  7 —polygraph  recorder.  The  dose- 


response  relationships  for  norepinephrine  were  obtained  by  treasuring 
the  rospont.cn  co  curulativa  doses  of  norepinephrine.  The  volume  of 
drug  col ut ten  added  wen  0.7  ml,  and  at  leant  30  nln ores  were  allowed 
between  successive  a  spur!  cents  with  the  care  Atrip.  Tn  a  few  experi¬ 
ments  ,  liiittliun  i  chloride  or  manganese  chloride  war.  used  to  tost  the 
extracellular  cal  el  us*  dependence  of  the.  obiar  '«  crair.ul  -1c  tespwac . 

All  drug  solutions  vv re  prepared  from  coarent rated  ninth*  nolu- 


tioa-s  inevd lately  before  m  experiment.  All  r.tilu*.  ieax  vote  cade  with 
drl  wilted,  gl.r;s  -dint  i  lied  water.  Ding  c«  acesit  mr  ions  ;.le«vn  in  results, 
are  final  hath  rear. -a  l  r.;l  K  ir.  |o  which  tin  t  i  a;:  we:*  vetv  exposed. 


Calrhu. _ sttM'it'-. .  Tn  these  studi  *s  ,  rabbit  aorti  c  strips  vjo.iv 

allowed  lo  equilibrate  for  one  hour  in  normal  Kin ge r ' s  solution.  At 

45 

the  end  of  this  period  20  microti  tors  of  a  stock  solution  of  Ca  Cl^ 

(specific  activity;  0.2  mi  Hi  curies  /ml)  v;as  added  to  the  bath.  The. 

tissue  wan  exposed  to  the  isotope  for  30  minutes,  after  which  it  was 

washed  3  times  with  uon~radionctive  Ringer’s  solution  to  remove  excess 
45 

calcium  from  the  extracellular  spaces,  blotted  dry  with  filter 
paper,  weighed,  and  digested.  The  digestion  vjas  done  by  placing  the 
tissue  in  a  volume  of  NCS  solubilizer  (Amersham/Searle)  six  times 
the  weight  of  the  tissue  (i.e.  6  ml/mg)  overnight  at  50°C.  Follow¬ 
ing  the  digestion  a  volume  of  glacial  acetic  acid  equal  to  l/30th  of 
the  volume  of  solubilizer  was  added  to  the  tissue  mixture.  This  final 
solution  was  placed  in  a  scintillation  vial  and  brought  to  a  total 
volume  of  20  ml  with  a  6%  (volume / vo fume.)  solution  of  PP.O-POPOP  in 
toluene.  The  counting  was  done  using  a  Nuclear- Chicago  Ifoilux  IT. 
liquid  Scintillation  counter. 


Tissue  electrolytes.  Tissues  used  for  electrolyte  analysis 
were  taken  either  directly  from  the  animal  or  after  various  treat¬ 
ments  and  placed  in  polypropylene  test  tubes  (50  ml).  They  were 
dried  at  100°C  overnight  and  weighed.  The  dry  tissue  was  digested 
in  concentrated  nitric  acid.  After  digestion  was  complete  the  nitric 
acid  solution  was  diluted  to,  the  proper  concentration  with  lanthanum 
chloride  for  calcium  da termination  on  a  Perkin -Rimer  Model  303  Atomic 
Absorption  Spectrophotometer,  or  with  lithium  chloride  for  determination 


of  sodium  and  potassium  on  an  Instrumentation  Laboratories  Flame  Photometer. 


Drugs :  Acetylcholine  bromide,  angiotensin  (llypcrtensln)  , 

norepinephrine  (Levophed)  ,  plientolmninc:  (Regitinc)  , 
and  Lysine-vasopressin  (San  do?.)  . 

Tyrodc:  *s  solution;  (mil)  No  Cl  .  136.8;  KCl  ,  2.65;  CaCl^ ,  1.8; 
HgCl2,  1.05;  Kall2P04,  0.36;  KallC03>  12.0  and  dox- 

g 

trose  ,  brought  to  1  liter  with  deionized,  glass- 
distilled  water. 

' Rin gc  r  *  s  so lut  1  on ;  (iriM)  NaCl,  15 A;  KCl,  5. A;  CaCl2>  1.2; 

NaHCO^,  6.0;  UgCl2,  1.0;  dextrose,  11.0  brought  to 
1  liter  with  deionized,  glass-distilled  water. 


RESULTS  > 

Effects  of  temperature  on  the  isolated  perfused  vessels.  The 
results  obtained  when  the  temperature  of  the  isolated  perfused  vessels 
was  lowered  or  raised  are  shown  in  Figure  2.  The  vessels  were  either 
cooled  or  heated  after  equilibration  at  37°C,  but  never  subjected 
to  both  beat  and  cold.  When  the  temperature  was  lowered  to  25°C 
flow  decreased  to  83%  of  control.  When  the  temperature  was  increased 
to  A5°C  the  flow  increased  to  117%  of  control.  Flow  in  the  vessels 
which  hatLifcun  refrigerated  Overnight  at  6°C  decreas'd  to  7'%  of  con 
trol  when  cooled  to  25 °C.  When  the  refrigerated  vessels  wore  warmed 
they  responded  very  different:  from  the  fresh  vessels.  In  these,  as 
soon  as  the  bath  temperature  reached  38°C,  flow  increased  10%  from 
control  and  remained  at  this  level  until  the  temperature  reached  A0  C, 
From  thin  point  on,  as  the.  temporal: ure  was  increased,  the  flow  de¬ 
creased  until  at  A5°0  it  was  60%  of  control. 
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Bolli  ref ri  go  rated  and  rn-r.1i  vosse Is  had  an  increase  in  flow  at 
37°C  after  being  vapidly  cooled  to  27°C  (Figure  3).  Flow,  however, 
decreased  in  both  the  refrigerated  and  fresh  vessels  at  temperatures 
above  4l°C  after  an  initial  increase  of  20%  at  39°C. 

As  illustrated  in  Figure  4,  the  response  of  fresh  vessels  to 
different  concentration?;  of  norepinephrine  at  37°C  was  greater  than 
that  at  27°C.  Norepinephrine  responses  were  determined  at  several 
temperatures  between  27  and  37°C.  There  was  a  progressive  decrease 
in  response  as  the  temperature  was  decreased.  Refrigerated  vessels 
responded  qualitatively  the  same  as  normal  vessels  but  were  much 
more  responsive  to  higher  doses  of  norepinephrine  than  were  the  fresh 
vessels.  The  resistance  in  fresh  vessels  maintained  at  37°C  in- 
creased  4%  when  subjected  to  8  x  10  gm/ml  of  norepinephrine ,  while 
at  27°C  this  same  concentration  of  norepinephrine  caused  a  decrease 
in  resistance  to  837  of  control,  indicating  that  flow  actually  in¬ 
creased  at  this  low  temperature.  The  resistance  of  the  refrigerated 
vessels  at  37°C  increased  8%  with  8  x  10  g/ral  norepinephrine  while 

there  was  relatively  no  response  at  27°C.  At  a  concentration  of 

-4 

1  x  10  gm/nl  norepinephrine  the  refrigerated  vessels'  resistance 
increased  180%  at  37°C  while  the  increase  was  only  48%  at  27°C. 

There  were  no  significant  alterations  in  drug  response  of  either 
the  fresh  or  refrigerated  vessels  as  the  temperntxire  war.  increased 
from  37°C  to  45°C.  However,  the  refrigerated  vessels  wore  more  re¬ 
sponsive  than  fresh  vessels  at  all  concentrations  above  8  x  10~^ 
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fjw/iiil  of  n>  pl.icphvim*  at  tin;  higher  temperature  s.  Tn  24  c::peri- 
r.ents  the  effect:?  of  10  ^  gm/ml  phontolaunw  were  studied.  At  this 
con  cent ration  norepinephrine  responses  were  readily  blocked  while 
there  were  no  significant  effects  on  the  vascular  responses  to 
chances  in  temperature. 

The  isolated  perfused  vessels  did  not  respond  to  acetylcholine 
or  angiotensin  under  any  conditions.  As  illustrated  in  Table  1 
the  vessels  responded  to  vasopressin  at  temperatures  between  37°C 
and  45°C  but  were  not  responsive  below  32°C.  The  vessels  appeared 
to  be  more  responsive  to  vasopressin  if  they  were  rapidly  cooled, 
first  to  27°C  then  rewarmed  to  37°C,  prior  to  administration  of 
vasopressin  (Table  1) .  The  vessel*--  did  not  respond  to  vasopressin 
after  24  hours  refrigeration  at  6  C  as  illustrated  in  Table  1. 

_7 

Phentol amine  (10  gm/ml)  had  no  effect  on  the  vascular  responses 
to  vasopressin. 

Effect  s  of  ref  vi  £e  rati  on  on  _d  ru  g  responses  of  aortic  strips. 

In  Table  2  the  various  conditions  under  which  the  rabbit  aortas 
were  studied  and  how  these  conditions  altered  contractility  are 
shown.  These  data  indicate  essentially  no  difference  in  response  of 
rabbit  aortas  to  norepinephrine  after  24  <  .  ' n-  hours  refrigeration 
at  6°C  in  normal  Ringer's  solution  or  Ring  •'$  solution  containing 
1  x  10  ^  gm/ml  of  norepinephrine.* .  The  norepinephrine  was  added 
to  prevent  catecholamine  depletion  during  refrigeration.  After  4 
days  refrigeration  in  normal  Kmgor'r.  solution,  however,  the  vessels 
were  move  responsive  at  1x10  gm/nl  norepinephrine  but  not  at 
higher  concent  rations.  After  refrigeration  at  (>°0  in  tv? I <v -normal 
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calcium  Ringer's  solution  for  2.4  or  96  hours,  the  vessels  were  more 

responsive  at  all  doses  of  norepinephrine  when  tested  at  37°C.  At 
—8 

1  x  10  gra/ml  there  was  a  14-fold  increase  in  response.  This 

increased  response  after  refrigeration  in  a  high  calcium  medium 

could  be  inhibited  with  4  x  10  LaCl^  or  1  x  10~^M  HiClj. 

Aortas,  after  re frige ration  in  zero  calcium  Ringer's  solution, 

were  responsive  for  a  short  period  of  time  to  norepinephrine  when 

tested  in  a  low  calcium  Ringer's  solution.  These  responses  were 

not  as  great  ns  those  of  tissues  refrigerated  and  tested  in  normal 

Ringer's  solution.  However,  even  though  these  tissues  responded  but 

once,  the  response  was  significantly  greater  than  that  of  fresh  vessels 

-8 

at  the  same  concentration  (lO”  gm/ml  norepinephrine) .  These  vessels 

—8 

would  not  respond  to.-a  2nd  or  3rd  dose  of  1  x  10  gm/ml  of  nor¬ 
epinephrine.  Responses  at  all  test  doses  were  greatly  reduced  after 
the  first  test. 

Aortas  which  had  been  refrigerated  for  24  hours  or  48  hours 
in  normal  Ringer's  or  Ringer's  containing  1  x  10  ’  gm/ml  of  norepin¬ 
ephrine,  were  less  responsive  to  angiotensin  than  fresh  vessels  (Table  2). 

Aortic  elect  roly  ter..  In  Table  3  the  electrolyte  content  of 
nortic  tissue  under  various  conditions  is  shown.  There  was  an  increase 
in  tissue  sodium  <u*d  a  decrease  in  tissue  potassium  during  refrigeration. 
Till h  won  unaffected  by  incubation  iu  the  presence  of  1  x  10  ^  gm/ml 
of  norepinephrine  or  twice  normal  calcium  in  Ringer's  solution .  When 
the  Ringer’s  solution  contained  no  cnlci\on,the  potassium  decrease  was 
502  greater.  Vessels  incubated  24  hours  at  37°C  had  similar  changes 
in  their  sodium  and  potassium  contents. 


Table  4  shows  the  calcium  changes  which  occurred  in  the  tissue. 
There  was  a  significant  increase  in  tissue  calcium  in  vessels  re¬ 
frigerated  24  hours  in  normal  Ringer's  solution  and  an  even  greater 
increase  in  tissue  refrigerated  in  Ringer's  solution  containing 
twice  normal  calcium.  The  tissue  calcium  was  tin  changed  in  vessels 
incubated  at  37°C  in  normal  Ringer's.  We  were  unahle  to  measure 
any  calcium  in  the  tissue  incubated  24  i'mrs  in  zero  calcium  Ringer's 
solution. 

45 

The  Ca  uptake  was  decreased  10-fold  in  aortas  refrigerated  24 

hours  in  normal  Ringer's  solution.  The  vessels  refrigerated  in 

Ringer's  solution  containing  twice  normal  calcium  took  up  the  same 

45 

amount  of  Ca  as  did  the  fresh  contr  "  vessels. 

DISCUSSION 

The  present  studies  confirm  what  previous  workers  have  proposed 
(5) ,  that  norepinephrine  works  in  a  much  diffei  at  manner  than  do 
other  vasoconstrictors.  We  saw  an  increased  response,  to  norepinephrine 
after  refrigeration,  while  the  responses  initiated  by  angiotensin  and 
vasopressin  were  depressed.  Phentolamine  blocked  the  norepinephrine 
responses  hut  had  no  effect  on  the  responses  produced  by  the  other 
vasoconstrictors  or  the  changes  in  myogenic  tunc  seen  with  changes 
in  temperature.  In  the  present  study  it  was  observed  that  the  iso¬ 
lated  dog  femoral  was  supersensltivo  to  norepinephrine  after  24  hours 
refrigeration  in  normal  Ringer's.  Wc  observed  ar;  did  Shibatn  (13), 
that  the  rabbit  norm  does  not  she*..'  an  increased  response  to  nor¬ 
epinephrine  .after  24  hours  refrigeration  hut:  does  after  prolonged  re- 


frigeration.  The.  mechanism  where’  .  vascular  tissues  chows  this  in¬ 
crease  in  sensitivity  after  refrigeration  is  probably  related  to  some 
change  in  the  tissue  ionic  profile.  However,  the  sodium  and  potassium 
changes  we  observed  could  not  be  correlated  with  the  sensitivity 
changes.  Sodium  increased  in  the  tissue  and  potassium  was  lost  when 
the  vessels  were  incubated  at  37°C  while  calcium  levels  remained  un¬ 
changed  aid  tissue  sensitivity  decreased.  In  the  cold  we  saw  the  same 
effects  on  sodium  aid  potassium.  However,  tissue  calcium  levels  in¬ 
creased  as  did  tissue  sensitivity. 

Tissue  electrolyte  changes  occurring  in  the  cold  or  at  room 
temperature,  nor  supersensitivity  after  cold  were  altered  by  incubation 
in  the  presence  of  norepinephrine.  Norepinephrine  was  apparently 
unable  to  protect  the  sodiim  pump  since  electrolyte  changes  were  un¬ 
altered.  However,  it  probably  helped  to  maintain  tissue  norepinephrine 
levels,  therefore  preventing  a  lack  of  norepinephrine  from  playing  a  role 
in  the  sensitivity  change. 

The  change  in  sensitivity  observed  in  these  studies  after  refriger¬ 
ation  is  probably  not  due  to  a  generalized  increase  in  membrane  perme¬ 
ability  since  it  was  only. true  for  the  norepinephrine  responses  and  not 
the  other  vasoconstrictor  drugs.  It  was  clearly  not  due  to  a  simple 
Increase  in  tissue  calcium  since  the  Increase  in  responsiveness  in  the 
aorta  which  appeared  after  rewanning  to  37°C  was  still  present  after 
incubating  for  one  to  four  hours  at  37°C  at  which  titec  the  tissue 
electrolyte  content  was  back  to  control  values.  Also,  there  was  u  four¬ 
fold  increase  in  tissue  calcium  of  rabbit  aortas  refrigerated  in  normal 
Kin joy's  solution  24  hours  hut  no  change  in  sensitivity  and  these 


vessels  appeared  to  be:  less  permeable  to  calcium  .  It  thus  appears 
that  souk’  change  occurred  during  the  cold  storage  of  the  vcsnels 
which  altered  some  facet  of  the  smooth  muscle  cull’s  contractile  re¬ 
sponse  mechanism.  It  appears  from  the  present  studies  that  after 
refrigeration  the  cell  may  change  to  a  state  more  suited  to  utilize 
calcium  similar  to  that  which  occurs  after  reserpinc,  for  increased 
responsiveness  appeared  even  in  vessels  incubated  and  tested  in  zero- 
calcium  Singer’s  solution.  In  a  lrigh  calcium  medium  the  aortic  strips 
were  more  responsive  than  either  normal  aortas  or  aortas  refrigerated 
for  four  days  in  normal  Ringer’s.  However,  the  contractile  responses 
cf  the  vessels  could  be  blocked  by  addition  of  either  lanthanum 
chloride  or  manganese  chloride  to  the  bath  indicating  that  extra- 
cellul  r  calcium  was  still  necessary  for  the  supersensitivity  duo  to 
the  cold. 

,  The  fact  that  vasopressin  responses  appeared  to  Increase  after 
rapid  cooling  and  rewarding  suggests  that  responses  produced  by  other 
drugs  may  ulr.o  be  altered  by  cooling  tissues  to  various  temperatures 
for  different  periods  of  time.  Unis,  at  least  sotro  step  in  the  con¬ 
tractile  process  which  common  t.  a" y  responses  must  be  sought. 

The  present  studies  suggest  an  increased  utiUznblo  calcium.  It  has 
been  postulated  that  the  supernensi  tivlty  which  develops  after  res*: r- 
pine  in  due  to  an  in  crease  in  receptor  area  of  the  effector  muscle, 
and  that  this  change  nay  bo  related  to  a  e-1  clra  Ion  which  occurs  (.T) 
>’aro  recent  work  suggest  that*  the  tissue  caictis-  loan,  which  is 

Oi  ■ 

apparently  only  tn-nuienf.  at  Moderate  dotes  of  *v:sevpi:se  (1),  may  only 


be  coincidental  with  some  intrnrellu!  nr  event  involving  calcium’s 
availability  to  the  contractile  apparatus  (11).  Lahrts ,  ot^  al  (1%7) 
have  proposed  that  cold  inhibit.'?  active  transport  of  calcium  out  of 
the  cell  or  into  the  endoplasmic  reticulum  while  it  may  still 
passively  enter  the  cell.  This,  in  effect,  could  cause  an  increase 
in  intracellular  bourn!  or  ionixed  calcium  or  both  which  remains 
after  the  tissue  is  rewarded  accounting  for  the  increased  responsive¬ 
ness. 
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TAiiJ.K  3.  Rabbit  aortic  I.  issue  elect,  roly  to  content  after  various  treatments 


Conditions 

N 

Sodium  Content 
mEq/kg  dry  tissue 

Potass!  uni 
mEq/kg  dry  tissue 

Fresh*1 

6 

299.93 

±  10. 3C 

131.80 

±  9.6 

„  ,  b 

Fresh,  Ringer  s 

17 

424.24 

±  23.5 

111.18 

±  4.97 

24  hrs  at  6°C  in 

Rin  ge  r '  s 

tested  with  10 

g/inl  KE 

10 

465.91 

±  40.39 

100.45 

+  7.52 

24  hrs  at  o°C  in 

Ringer's 

tested  with  10"-* 

g/ml  NE 

8 

379.19 

±  27.00 

79.52 

±  10.03 

24  hrs  at  6°C  in 

Ringer's 

8 

663.63 

±  24.13 

40.14 

±  3.69 

?4  hrs  at  6°C  in 

+4- 

2N  Ca 

Ringer's 

8 

704.80 

±  42.48 

39.79 

±  1.99 

4  days  at  6°C  in 

normal 

Ringer's 

8 

636.22 

±  32.74 

18.55 

±  1.51 

4  days  at  6°C  in 

4-1- 

2N  Ca 

Ringer's 

8 

652 . 88 

±  30.47 

19.32 

±1.36 

24  hrs  at  6°C  in 

zero 

Ca'1^  Ringer's 

8 

631.40 

±  45.91 

21.21 

±  1.15 

4  days  at  6°C  in 

Ringer's 

plus  10 g/ml  N1 

4 

10 

664.32 

±  32.71 

23.12 

+  2.89 

4  days  at  6°G  in 

l’dnger's 

10 

682.13 

±  25.26 

23.72 

±  2 . 66 

24  hrs  at  37°C.  in  Ringer's 

12 

696,37 

±  55.33 

s  •  '  .....  . 

40.12 

±  1.43 

N  Number  of  aortas 

n  aorta  taken  directly  from  animal  for  digestion 

b  aorta  dipped  in  normal  Ringer's  solution  for  few  minutes  (1-2)  before  digestion 
c  mean  value  with  standard  error  of  the  mean  obtained  after  treatment  shown 


TABLE  4.  Rabbit  aorta  cal  dun  content  after  various  treatments 
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LEGENDS 


Diagrammatic  representation  of  apparatus  used  for  perfusion 
of  isolated  branches  of  the  dog  femoral  artery. 

Effects  of  cold  storage  (24  hours,  6°C)  on  changes  in  flow 
through  isolated  dog  blood  vessels  with  changes  in  tempera¬ 
ture.  Ordinate:  percent  change  in  flow,  control  flow  taken 
as  100%.  Abscissa:  temperature  in  degrees  centigrade. 

Effects  of  cold  storage  (24  hours,  6°C)  and  acute  cold 
treatment  (27°  for  C.  1  mi*n.)  on  flow  through  isolated  pei 
fused  dog  blood  vessels  at  temperatures  from  37°  to  45°C. 

Control  flow  is  that  obtained  after  cold  storage  and 
equilibration  at  37°C  prior  to  the  vessels  being  subjected 
to  27°C,  Ordinate:  percent  change  in  flow,  control  flow 
taken  as  100%.  Abscissa:  temperature  in  degrees  centigrade. 

Responses  to  norepinephrine  of  isolated  perfused  dog  blood 
vessels  at  37°C  (— )  and  27°C  (— ).  N  ■  vessels  taken  directly 
from  dog  and  tested  with  norepinephrine.  R  »  vessels  re¬ 
frigerated  24  hours  at  6°C  and  then  tested.  Ordinate:  Re¬ 
sistance  expressed  as  the  reciproc;  l  of  flow.  Pressure  was 
held  constant.  Abscissa:  Concentration  of  norepinephrine 
added  to  the  bath. 

Figure  5.  Responses  to  norepinephrine  of  Isolated  perfused  blood  vessels 

at  37°C  ( — )  and  45°C  ( — -).  N  ■  vessels  taken  directly  from  dog 
and  tested  with  norepinephrine.  R  *  vessels  refrigerated 
24  hours  at  6°C  and  then  tested.  Ordinate:  Resistance  expressed 
as  the  reciprocal  of  flow.  Pressure  was  held  constant.  Abscissa: 
Concentration  of  norepinephrine  added  to  the  bath. 
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Figure  2. 


Figure  3. 
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INTERACTION  OF  RESERTTKE  AND  CALCIUM  CM  T1IE  INOTROPIC 
AND  CHRONOTROPIC  REE PONCES  OF  RABBIT .ATRIA1 


Help, a  Jure  vies  ar.T  Oliver  Carrier,  Jr. 

Department  of  Pharaatology ,  The.  University  of  Texas  Medical  School 
at  Sar  Antonio ,  Snn  Antonio,  Texas  78229 
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Running  Ti lie i  Atrial  Supersensitivity  to  Calcium 
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ABSTRACT 

Jurevics,  Feign  find  Oliver  Carrier,  Jr,  Interaction  of  rotserpinc 
mid  calcium  on  the  inotropic  and  chronotropic  responses  of  rabbit  atria. 
J.  Pharmacol.  E>:p.  Ther.  Isolated  atria  from  young  rabbits  p  re  treated 
with  1  mg/kg  and  3  mg/kg  reserpine  for  4  hours  exhibited  significantly 
greater  tension  responses  to  cumulative  concentrations  of  calcium  than 
atria  from  untreated  rabbits.  Propranolol  was  ineffective  in  revers¬ 
ing  the  enhanced  inotropic  responses  to  calcium.  However,  p ret re at meat 
with  3  mg/kg  reserpine  for  24  hours  resulted  in  the  contractile  re¬ 
sponses  to  calcium  approaching  those  of  control  atria.  Following  equili 
bration  in  calcium-free  Finger1 s  solution  the  atria  pretreated  with 
3  mg/kg  reserpine  for  4  hours  demonstrated  (1)  a  decrease  in  the  thres¬ 
hold  concentration  of  calcium  required  to  elicit  a  response,  (2)  an 
increase  in  the  rate  of  tension  change  tocaieium,  and  (3)  a  greater 
incidence  of  calcium-induced  arrhythmias.  The  rate  of  tension  decline 
by  atria  placed  in  calcium-free  Finger's  solution  was  found  to  be  sig¬ 
nificantly  delayed  following  reserpine  pretreatment  (th  =  63.14  seconds 
for  control  atria  and  185.20  seconds  for  reserpine  pretreated  atria). 

No  significant  difference  -was  found,  in  the  chronotropic  responses  to 
calcium  of  the  reserpine  p  re  treated  and  control  atria*  These  findings 
demonstrate,  that  calcium  supersensitivity  of  the  contractile  response 
develops  in  rabbit  atria  following  reserpine  pretreatment  for  4  hours 
and  may  result  from  both  an  increase  in  the  membrane  permeability  to 
calcium  and  an  alteration  in  the  intracellular  distribution  of  calcium. 
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Facilitation  of  tlio  contractile  response.  to  various  stimuli 
following  reserpirie  pro  treatment  of  the  animal  lias  been  demonstrated 
in  a  number  of  in  vitro  smooth  muscle  preparations.  For  example, 
rcserpine  pretreatment  results  in  tbe  development  of  a  nonspecific 
supersensitivity  to  norepinephrine,  acetylcholine,  and  potassium  in 
rabbit  aortic  strips  (Hudgins  and  Fleming,  1966)  ;  to  norepinephrine, 
histamine,  met  by If urme t  h i de ,  and  potassium  in  the  guinea-pig  vas 
deferens  (Westfall,  1970);  and  in  perfused  isolated  small  arteries 
from  dogs  to  norepinephrine  (Carrier  and  Holland,  196.9)  and  calcium 
(Peg ram  and  Carrier,  1969). 

A  nonspecific  reserpine  induced  supersensitivity  has  also  been 
demonstrated  in  cardiac  muscle;  however,  these  latter  investigations 
have  been  primarily  confined  to  the  study  of  the  chronotropic  effect 
of  various  drugs  (Trendelenburg  and  Graven stein,  1958;  Westfall  and 
Fleming,  1968a  and  1968b). 

Reserpine  induced  supersensitivity  to  various  stimuli  lias  been 
extensively  studied  and  is  now  believed  to  result  either  from  a 
change  in  the  physiological  state  of  the  responding  cell  beyond  the 
receptor  (Hudgins  and  Fleming,  1966;  Westfall  and  Fleming,  1968)  ot¬ 
to  an  alteration  in  the  electrolyte  distribution  within  the  cell  \  are by 
more  calcium  is  made  available  for  contraction  (Carrier  and  Shibata, 
1967;  Pe gram  and  Carrier,  1969;  Carrier,  1969). 

A  study  by  Naylor  (1963)  of  the  direct  action  of  reserpine  on 
isolated  toad  ventricular  muscle  revealed  a  depressant  effect  of  reser¬ 
pine  on  contractility  which  could  readily  be  reversed  by  calcium, 
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caffeine  and  Ktruphauthiu-C.  It  was  suggested  ’hat  re  so  r  pine  may 
exert  an  effect  cm  cellular  distribution  of  calcium.  More  recently, 
Hudgins  and  Harris  (1970)  demonstrated  an  Increased  efflux  of  calcium 
from  supe rsensitive  rabbit  aortic  strips  following  reserpine  pretreat - 
ment.  However,  the  total  loss  of  calcium  from  the  reserpine  aortas 
was  less  than  that  lost  from  normal  aortas. 

A  study  of  the  action  of  reserpine  on  vascular  tissue  electrolytes 
(Carrier  and  Shibata,  1967;  Carrier  et  al. ,  1967;  Pegram  and  Carrier, 
1969)  revealed  that  this  alkaloid  is  effective  in  causing  an  alteration 
in  their  sodium,  potassium,  and  calcium  contents.  Since  these  cations 
play  a  role  in  muscle  contraction,  an  alteration  in  their  cellular  dis¬ 
tribution  could  result  in  an  alteration  in  the  response  of  the  tissue 
when  subjected  to  various  stimuli.  More  recently,  reserpine  was  also 
shown  to  effect,  an  alteration  in  cardiac  tissue  electrolytes  in  the 
rabbit  (Carrier  et^  aiL. ,  1970) .  Bum  and  Rand  (1958)  found  that  atria 
from  reserpine  pretreated  rabbits  exhibited  a  significantly  b^eater 
tension  response  following  equilibration  in  tlcEuen's  solution.  How¬ 
ever,  no  mention  was  made  as  to  what  could  have  produced  this  increased 
contractile  response  of  the  reserpine  atria.  The  present  study  was 
undertaken  to  determine  whether  reserpine  could  effect  a  superscnsl- 
tlvity  of  the  contractile  response  of  the  heart  to  calcium  following 
pro t rent ment  of  young  rabbits. 

METHODS. 

In  vitroirolatlon.  Albino  rabbits  of  either  sex,  approximately 
6  to  8  weeks  of  age  were  used  in  this  study.  Each  animal  was  sacrificed 
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by  a  blow  to  the.  bend  and  the  whole  heart  was  excised  and  placed  in 
oxygenated  Ringer's  solution  (composition;  KaCl ,  154  nM;  KC1,  5.4  r.'I; 

CaC^ ,  2.4  mM;  NaHCO^,  6  niM;  dextrose,  11  nil;  in  double  distilled 
deionized  water;  pH  7.4).  Calcium-free  Ringer's  solution  was  pre- 

_5 

pared  as  above  with  the  addition  of  10  II  EDTA  (Di  c  odi  un  (e  thy  lone  dir.i  t  ri  1  o) 
tetra  acetate)  but  contained  no  CeCl^ •  The  spontaneously-beating  right 
and  left  paired  atria  were  isolated  and  placed  in  a  tissue-organ  bath 
with  a  final  volume  of  75  ml.  The  Ringer's  solution  in  the  bath  was 
continuously  oxygenated  with  95%  oxygen  -5%  carbon  dioxide  and  maintained 
at  a  constant  temperature  of  31°C.  Immediately  upon  placing  the  atria 
in  the  bath,  a  tension  of  1  gram  was  applied;  The  atria  were  allowed 
to  equilibrate  for  approximately  1  hour  or  until  a  constant  contractile 
tension  and  rate  were  maintained.  Isometric  contractions  and  heart 
rate  responses  were  measured  with  a  Grass  FT-03  force -displacement 
transducer  and  recorded  on  a  Grass  Model  7  polygraph. 

‘Responses 'to  calcium.  Contractile  responses  to  various  concen¬ 
trations  of  calcium  were  obtained  by  a  cumulative  increase  in  the 
total  concentration  of  calcium  in  the  bath.  Before  each  successive 
concentration  of  calcium  was  added,  the  atria  were  allowed  to  reach  a 
new  steady  tension  or  were  allowed  to  respond  for  15  minutes,  particularly 
in  the  case,  of  atria  subjected  to  less  than  2.4  mM  calcium.  In  the  ex¬ 
periments  using  propranolol  (Tn dural,  Ayerr.t  haborntovios)  the  atria, 
after  an  initial  1  hour  equilibration  in  normal -calcium  ’Unger's  solu¬ 
tion,  were  equilibrated  an  additional  45  minutes  in  the  presence  of  pro¬ 
pranolol  before  contractile  re  sponsor,  to  calcium  wore  determined. 


Initial  experiments  had  established  that  10 ""^M  .propranolol  resulted 
in  an  approximately  3  log  unit  shift  to  the  right  of  the  normal 
isoproterenol  dose-response  curve  or.  both  contractile  tension  and 
heart  rate.  The  sensitivity  of  the  pacemaker  to  calcium  was  deter¬ 
mined  by  the  concentration  of  calcium,  producing  a  persistent 
arrhythmia;  that  is,  an  arrhythmia  which  did  rot  reverse  spontaneously 


within  10  seconds. 


Rates  of  tension  responses  to  calcium.  Centre1  and  reserpine 
pretreated  atria  (3  ng/kg  for  4  hours)  were  placed  in  Calcium-free 
Ringer’s  solution  containing  10  **M  EDTA.  Over  a  period  of  30  to  40 
minutes  the  control  atria  declined  to  a  new  contractile  tension  of 


approximately  0.03g  and  the  reserpine  pretreated  atria  declined  to 

0.05g.  The  rate  constants  (k) ,  for  the  decline  in  tension  with  time 

were  determined  according  to  the  method  of  Holland  (1966).  He  found 

that  stimulated  rabbit  atria  when  transferred  to  a  low  calcium  medium 

exhibited  an  exponential  decline  in  contractile  tension  with  time 

-(kt) 

which  could  be  expressed  by  the  equation  T  ■  e  ' ,  where  T  is  the 
normalized  contractile  tension  obtained  by  subtracting  the  new 
equilibrium  tension  from  the  initial  tension  at  time  **  0;  k  is  the 
specific  rate  constant  in  seconds”^;  ar.d  t  is  the  tire  in  seconds. 

The  fast  component  in  the  ’ocline  in  contractile  tension  was  obtained 
hy  plotting  the  difference  between  the  initisi  decline  in  tension  and 
the  slow  component  of  the  decline  in  tension.  The  specific  rate 
constant,  k,  of  the  fast  component  was  obtained  from  the  equation 
k  •  ,693/t’f.  Since  the  rate  of  rise  in  contractile  tendon  following 


drug  exposure  cannot  be  expressed  a a  a  simple  exponential  function 
with  time  (Holland,  1966),  the  time  to  one-half  maximum  contractile 
tension  with  each  cumulative  concentration  of  calcium  was  used  as 
an  index  for  the  rate  of  contractile  response  to  calcium  by  control 
and  reserpine  pretreated  atria. 

Pret re.atment  schedule  and  statistical  evaluation.  All  injections 
of  reserpine  (Serpasil,  Ciba  Pharmaceutical  Products,  Inc.)  were 
administered  in  a  single  dose  of  either  1  mg/lcg  or  3  r.g/l:g  intra- 
peritoneally  either  4  or  24  hours  before  the  beginning  of  each  ex¬ 
periment.  All  statistical  evaluations  were  performed  by  Student's 
t-test  or  chi-square  analysis. 

RESULTS. 

The  first  phase  of  this  study  was  the  comparison  of  the  contractile 
response  of  normal  and  reserpine  p retreated  atria  to  cumulative  concen¬ 
trations  of  calcium.  Rabbits  were  pretreated  with  1  ng/kg  and  3  mg/kg 
reserpine  for  4  and  24  hours.  All  contractile  respo-  s  are  expressed 
in  grams  tension.  Figure  1  shows  that  both  1  mg/kg  and  3  mg/kg  resar- 
pine  pro  treat  meat  for  4  hours  resulted  in  the  rcserpina  atria  developing 
a  significantly  greater  contractile  response  to  cumulative  concert rati* ns 
of  calcium  up  to  approximately  9.6  raM  calcium.  Further  increase  in  ths 
con  con  trot,  ions  of  calcium  resulted  in  no  significant  difference  in  tb.e 
tension  responses  of  the  atria  pre treated  with  1  ng/kg  reserpine  and 
the  control  atria.  However,  the  contractile  responses  of  atria  pro- 
treated  with  3  rog/kg  reserpine  for  4  hours  were  significantly  grvit.  r 
than  Lite  control  atria  up  to  12  calcium  (Fig.  1).  The  inotropic 
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responses  of  both  groups  of  res'erpine  pro  treated  ntria  ve  re  not 
significantly  different  fro;::  each  other.  As  shown  by  the.  curves 
in  Figure  2,  the  contractile  responses  to  calcium  of  atria  pretreated 
with  3  tng/kg  for  24  hours  were  not  significantly  different  from  the 
responses  of  control  atria. 

Since  the  atria  pretrectcd  with  reserpine  for  4  hours 
exhibited  a  greater  contractile  tension  than  control  atria  follow¬ 
ing  equilibration  in  Normal-calcium  Finger’s  solution,  «e  were 
interested  in  seeing  if  this  sane  effect  could  be  demonstrated  in 
Ringer* 8  solution  containing  less  thee  2.4  mM  calcium.  Figure  3 
shows  the  contractile  responses  of  control  and  reserpine  pretreated 
(3  mg/kg  for  4  hours)  atria  to  cumulative  calcium  concentrations 
following  an  initiar'equilibraticn  in  Colduor-fvee  Ringer’s  solution. 

The  contractile  responses  of  the  reserpine  p  re  treated  atria  vere  sig¬ 
nificantly  greater  than  the  responses  of  control  atria  to  all  concen¬ 
trations  of  calcium.  The  reserpine  atria  also  demonstrated  a  decrease 
in  the  threshold  concentration  of  calcium  needed  to  elicit  a  response, 
and  exhibited  a  greater  caxLmur,  contractile  tension.  The  effect  of 
calcium  on  the  heart  rate  of  control  atria  and  atria  pretreated 
with  3  mg/kg  reserpine  for  4  hours  Is  illustrated  in  Table  1.  Although 
the  resevpinc  p  ret  rented  atria  exhibited  a  slightly  lower  heart  rat* 

In  the  presence  of  calcium  than  the  control  atria,  the  heart  rate  re¬ 
sponses  of  the  control  and  reserpine  pro  treated  atria  were  not  sig¬ 
nificantly  different  over  the  concentration  range  of  calcium  cap loved 
In  thin'  study.  The  inability  to  demonstrate  auperscnsitlvit,  to  calcium 
of  tine*  dironotropic  response  in  the  ir.  vitro  preparations  has  also 


.  85 


been  reported  by  Vest fall  nnd  Fleming  (196?) . 

Since  reserpine  pretrentaent:  with  3  r.p/kg  for  4  hours  does  not 
result  in  complete  depletion  of  cate  cholerine  s  from  the  rabbit  heart, 
and  since  calcium  lias  been  suggested  to  be  a  mediator  in  the  release 
of  catecholamines  from  presyneptie  storage  sites  (Huhovic,  1962),  \ 
the  re  is  the  possibility  that  tlie  supersensitivity  to  calcium  observed 
in  the  reserpine  atria  could  be  mediated  through  calcium’s  release 
of  norepinephrine,  and  the  supersensitivity  seen  with  calcium  could, 
in  fact,  be  norepinephrine  cupersensitivity.  To  determine  if  this 
was  possible,  the  contractile  responses  to  increasing  concentrations 
of  calcium  of  control  and  reserpine  pretreated  atria  were  determined 
in  the  presence  of  10  '’k  propranolol.  In  Figure  4  it  can  be  seen 
that  propranolol  was" ineffective  in  reversing  the  enhanced  con¬ 
tractile  response  of  the  reserpine  pre treated  atria  to  cumulative 
concentrations  of  cnlciun.  However,  at  this  concentration ,  propranolol 
did  exhibit  a  slight  depressant  effect  on  the  myocardium.  The  de¬ 
pression  of  tlie  contractile  tension  in  Kormal-cnlciten  Uinger's 
solution  was  18. 16  ±  .36%  for  control  atria  end  14.35  i  .60%  for  the 
reserpine  pretreated  atria.  However,  tha  inability  of  propranolol 
to  rovurae  the  potentiation  of  the  contractile  rcsptv.se  to  calcium 
in  the  rcccrpine  p retreated  nt r t a ,  along  with  the  relatively  con¬ 
stant  heart  rate  responses  with  cunul  at  *  ve  cal  dun  con  cent  rot  ions, 
would  indicate  that  calcium  was  exert Jng'wn  action  independent  of  a 
mechanism  Involving  the  release  of  endogenous  colecheSetlne**. 

TIk*  nuahur  of  emit  rot  at  via  and  atria  ptv  treated  with  3  rsg/kg 
reserpine  for  4  hours  which  developed  urrb\  th.u .*«:  to  cumulative 
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calcium  concfntrat.  ion:?  ore  given  in  Table  2.  The  ltccrpine  pretreated 
atria  were  found  to  be  slgni ficantly  r.ore  sensitive  tl»;.n  control  atria 
to  calcium  induced  arrhythrias  as  determined  by  chi-square  analysis. 

The  rate  of  decline  in  contractile  tension  in  Calcium-free 
Ringer's  solution  by  control  atria  and  reserpir.e  atria  following 
3  mg/kg  pre treatment  for  4  hours  is  illustrated  in  Figure  5  and  Table  3. 
Although  the  reserpir.e  pretreated  atria  cjftibited  en  initially  greater 
contractile  tension,  1.80  ±  .09  g,  then  control  atria.  1.44  ±  .11  g 
(P<.05),  the  rate  of  the  fast  component  in  tension  decline,  k,  of  the 
xeserpine  pretreated  atria  in  Calcium-free  Rioter's  solution  was  sig¬ 
nificantly  decreased  (P<£.01).  No  significant  difference  in  the  rate  cf 
decline  of  the  3low  coup  orient ,  in  tension,  k' ,  was  found  between  control 
and  xeserpine  pvatrr*  ced  atria  (F  <.?.).  The  decrease  in  the  rate  of 
tension  decline  of  reserpina  r retracted  atria  placed  in  Calcium-free 
Ringer's  solution  suggests  that  sows  intracellular  fraction  of  calcium 
involved  with  contraction  was  being  either  retained  by  tins  atria  or 
was  being  utilized  core  effi cicntly. 

The  effect  of  resorpine  gretio&tsent  en  the  tine  to  half  ccri rum 
tension  with  cnroi-rive  concc-nt ration*  of  calcine  is  illustrated  in 
Table  4.  The  tines  to  hclf  csuviccs  tension  of  both  control  atria  and 
atria  pretroated  with  3  cg/Jig  res*?? ire  for  4  hours  in  response  to 
0.$  md  1.2  cd!  cald.ua  were  not  significantly  different;  however, 
with  1.8  i.-M  caieiun  and  increasing  concentrations  the  rescrpinc  atria 
odtihited  a  significant ly  greater  r.;ta  of  response  to  calcium. 

DISCUSS rox. 

The  n  suits  obtained  in  the  present  study  demonstrate  that  WfCN 
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sensitivity  of  the  emit  uct lie . response  to  calcium  develops  in  rabbit 
ntrin  following  pro  treatment  with  3  rog/kg  reserpine  for  4  hours. 
However,  24  hour  pro  treatment  with  3  tng/kg  reserpine  results  in  the 
reserpine  atria  approaching  the  response  of  control  atria  to  cumula  ¬ 
tive  concentrations  of  calcium.  The  inability  of  propranolol  to 
block  the  enhanced  contractile  responses  of  the  reserpine  pretreated 
atria  to  calcium  along  with  the  relatively  ccnst  at  chronotropic  re¬ 
sponses  to  calcium  indicates  that  the  calcium  s  pernensitivity  of  the 
contractile  response  is  not  mediated  through  ?.  mechanism  involving 
the  release  of  catecholamines.  These  findings  and  the  findings  of 
Carrier  et_  al.  (1970) ,  that  reserpine  causes  a  reduction  in  calcium 
content  of  rabbit  hearts  within  4  hours,  Indicate  that  reserpine  may 
be  exerting  an  action' through  a  mechanism  involving  an  alteration  in 
the  distribution  of  intracellular  or  membrane  calcium. 

The  ability  of  calcium  to  alter  cell  membrane  stability  is  well 
known  (Brink,  1954;  Shanes,  1958)  and  the  possibility  that  reserpine 
pretrcatmnt  may  result  in  cn  increase  in  cell  membrane  permeability 
through  its  effect  on  calcium  has  boon  suggested  prevloasly  (Carrier 
and  Shibutu,  1967).  That  thin  may  be  true  is  indicated  in  the  present 
study  by  the  increase  in  the  sensitivity  of  the  reserpine  atria  to 
calcium-imlnccd  crrhytholas.  Holland  cm d  Tinsley  (1958)  reported  that 
some  dreg-induced  arrhythmias  cim  result  from  $it  increase  in  coll 
>  •'mbriMO  perwifibility.  Also,  ttentfall  and  Fleming  (39(*8b)  found  that 
rcKcrpim*  p rc ire  ut evu l  of  guinea-pigs  reunited  In  an  increase  in  the? 
sennit ivity  of  tlie  in  viva  heart  lo  norepinepln Inc-induced  arrhythmias 
The  ability  of  mleroKen.il  aid  mitochondrial  lipid  fr.rtiaiit  to 
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promote  the  timnrpuvl  of  ion  i :/.ed  calcium  across  an  aqueous-lipid 
solvent  in  to  rphsso  i.rul.i  eaten  l!i;iL  lipid:::  present  Sir  the  membrane 
are  involved  with  calcium  ion  movements  (TJsyler,  1966).  The  beta 
adrenergic  blocking  drugs,  propranolol  and  jironcthnlol  (Kaylcr,  1966), 
as  v.v:11  ,.s  reserpine'  (Baltzcr,  1968b)  ,  have  been  shows  to  bind  to 
membrane  lipid  fractions  and  to  alter  the  rate  of  calcium  transport. 

It  is  possible  that  the  depression  of  cardiac  contractility  (Ziamus, 

1961)  or  the  increase  in  responsiveness  to  drug  stimulation  observed 
following  reserpine  pro treatment  of  the  animal  results  from  reserpine 
interacting  with  a  membrane  lipid  component  whereby  a  structural 
change  in  the  membrane  is  induced  and  the  calcium  equilibrium  is  - 
altered.  , 

A  rod! st  Lbution  of  intracellular  calcium  induced  by  reserpine 
is  further  evidenced  by  the  decrease  in  the  threshold  requirement 
of  calcium  to  induce  a  positive  inotropic  response  by  atria  following 
pte treatment  with  3  mg/kg  reserpine  for  4  hours.  In  view  of  this 
one  might  suspect  that  the  initial  tissue  calcium  depleting  action- 
observed  with  reserpine  (Carrier  and  Shibata,  1967)  could  be  due  to 
an  alteration  in  the  balance  between  bound  end  free  calcium  resulting 
in  a  redistribution  between  cellular  and  interstitial  calcium. 

The  hypothesis  that  reserpine  may  have  an  effect  on  calcium 
distribution  inside  the  cell  is  in  general  agreement  with  several 
recent  findings,  Bn, lexer,  ot  nl, ,  (1968a)  found  that  both  calcium  • 
induced  increase  in  ATl’a.sc  activity  and  the  rate  of  uptake  of  calcium 
by  vesicular  fragments  of  tire  sarcoplasmic  reticulum  from  rabbit  skeletal 
muscle  wore  reduced  by  reserpine;  however,  the  calcium  storing  capacity 
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find  the  ability  tc  content  rate  calcium  by  there  vesicular  fractions 
were. not  inhibited  by  reserpine.  Hudgins  and  Harris  (1970)  fo’.uul 
that  while  in  resorpine-induccd  supersensitive  aortas,  calcium  ef flu : 
is  increased  initially,  the  total  content  of  calcium  row-tining  in  the..' 
reserpine  tissues  was  greater  than  that  in  non-t rented  aortas  follow¬ 
ing  soaking  in  Calcium- free  ranger's  solution.  XI  data  obtained  on 
aortas  could  be  extrapolated  to  hearts ,  then  the  decrease  in  the 
rate  of  tension  decline  by  the  reserpine  ore treated  atria  observed 
in  this  study  would  suggest  that  these  atria  were  in  essence  retain¬ 
ing  calcium  by  losing  it  at  a  slower  rate  to  the  Calcium-free 
Ringer's  solution,  or  that  intracellular  calcium  was  being  redistri¬ 
buted  in  such  a  manner  as  to  make  it  more  efficient  for  utilization 
in  cont”acti«Sni  Also  in  the  present  study,  the  reserpine  atria 
were  observed  to  exhibit  an"  increase  in  the  rate  of  response  to 
calcium.  This  would  indicate  that  the  reserpine  atria  either  -exhibited 
an  increased  influx  of  calcium  due  to  an  alteration  in  membrane 
permeability,  or  that  some  intracellular  pool  of  calcium  which  is 
intimately  associated  with 'the  contractile  proteins  is  made  move 
readily  available  for  contraction.  This  could  be  accomplished  by 
a  modification  in  the.  rate  of  uptake  of  calcium  by  the  sarcoplasmic 
reticulum. 
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Sup  era*  mil :  .  Ity  of  the  contractile  response  Co  calcium  develop.-, 
in  isolated  rabbit  atria  following  pro  treatment  with  1  ir.g/kg  and  3.;ng/kg 
rose rpine for  4  hours  ,  but  not  after  24  hour.'  pre treatment .  Although 
the  heart  rate  ye  sponsor.  to  calcium  were  not  affected  by  reserpine  pre- 
treat  mini  t  for  4  hours,  the  atria  did  show  an  increased  sensitivity  to 
calcium-induced  arrhythmias.  This  latter  effect  indicates  that  an 
increase  in  membrane  permeability  has  .developed  following  reserpine 
pratreatment.  The  ability  of  reserpine  to  induce  an  .•literatim  in 
calcium  metabolism  in  cardiac  tissue  is  reflected  by  changes  in  certain 
physiological  parameters.  These  are  an  increased  incidence  of  arrhythmias, 
an  increased  rate  of  ten  ion  response  to  calcium),  and  a  delay  in  the  rate 
of  tension  decline  of  atria  subjected  to  a  calcium  deficient  medium. 
Therefore,  on  the  basis  of  these  findings ,  it  is  possible  to  suggest 
that  rescri>'ine-ir.duced  supersensitivity  to  'calcium  in  rabbit  atria  re¬ 
sults  from  an  alteration  in  membrane  permeability  and  a  redistributior? . 
of  intracellular  calci tun  whereby  more  calcium  is  made  available  for 
contraction. 
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FIG.  .1 :  Mean  contractile  rcsponcor.  tu  cumulative  concentrations  of 
i 

calcium  of  untreated  rabbit  atria  and  rabbit  atria  following  pre treat¬ 
ment  with  1  and  3  mg/1; g  reeevpinc:  for  4  hours.  One  hour  equilibration 
in  2.4inM  calcium  Ringer's  solution  p recce did  the  calcium  determination. 
Vertical  barn  represent  standard  error  of  Cl>e  mean.  H  =  -number  of 
experiments. 

FIG.  2;  Mean  contractile  response  to  cumulative  concentrations  of 
calcium  of  untreated  rabbit  atria  and  rabbit  atria  following  pretreat 
went  with  3  mg /kg  rcserpinc  for  24  hours.  One  hour  equilibration  in 
2 . 4roM  calcium  Ringer's  solution  proceeded  the  calcium  determination. 
Vertical  bars  represent  standard  error  of  tlx;  mean.  W  *  number  of 
experiments . 

FIG.  3:  Mean  contractile  responses  to  cumulative  concentrations  of 
calcium  of  untreated  rabbit  atria  and  of  rabbit,  at  ria  following  pre- 
treatment  with  3  ng/kg  rcserpinc  for  4  hours.  The  atria  were  equili¬ 
brated  in  Calc  luiu-f  roe  Ringer's  solution  containing  10**  H  KPT  A  before 
responses  to  eolcito  worn  determined.  Vertical  bars  represent  standard 
error  of  the  uiatai.  N  *  number  of  experiments. 

Flit.  4:  Effuct  of  propranolol  on  tl»a  contractile  response  of  untreated 
rabbit  atria  and  rabbit  atria  pro  treated  with  3  mg/kg  rowrptne  for  •« 
Itorrn  to  cumulative  concent  ratio,  in  of  calcium.  i  ni lev  lag  the  initial 
1  hour  equilibration  iu  2.4mK  caldua,  tins  atria  vvre  equilibrated  an 
additional  45  minutes  in  fix;  pretence  of  10***’m  propranolol  before  re- 
spounou  to  calcium  were  determined.  F--ich  point  reprowutn  the  mean  r»— 
sp»«:v  and  vertical  barn  tlx*  standard  error  of  tlx*  mean.  N  *  number  of 
atria. 
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FIG.  5:  SeMilojjrxthmlc  plot  of  the  relative  decline  in  contractile 
tension  with  t i re  in  Calcium-five  Ringer's  solution  of  untreated  rabbit 
atria  and  rabbit  atria  fol.lo\»in”  pretreatment  with  3  mp/kj;  veserpino 
for  4  hours.  Each  point  represents  the  mean  of  six  to  seven  atria. 
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In  the  past  year  experiments  were  performed  to  ascertain  whether  PGE^  and 

PGF2a  exerted  effects  on  Ca  transport  in  the  heart  and  whether  it  was  possible 

to  correlate  this  at  the  pharmacological  and  biochemical  levels.  The  cwo 

models  studied  were  the  rate  controlled  guinea  pig  left  atria  and  cardiac 

sarcoplasmic  reticulum  (SR).  These  models  were  selected  because  of  the  strong 

evidence  from  a  number  of  laboratories  intimately  linking  Ca  exchange  by 

cardiac  muscle  and  the  strength  of  contraction. 

Using  the  isolated  guinea  pig  atria  the  effects  of  the  prostaglandins  on 
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contractility,  tissue  Ca  and  Ca  exchange  were  determined.  Figure  1  is  a 
i  t  probit  plot  demonstrating  the  effects  of  PGE^ 

on  maximum  tension  development  following  10 
minutes  incubation.  At  1  ygm/ml  tension 
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Increases  62.3+8.0Z  (iS.E.);  the  PGF2a  curve 
falls  below  this  at  all  concentrations  tested 
and  the  final  results  were  highly  variable 
(for  example,  1  ygm/ml  increased  tent 4 on 
35.9  ±  19. 5%).  If  this  same  experiment  is 
done  on  the  spontaneously  beating  heart  PGE^ 
increases  tension  30. OX,  and  markedly  increases 


FIGURE  1 

heart  rate  and  coronary  flow.  This  effect  on  coronary  flow  is  quite  pronounced 
and  persists  for  about  30  minutes. 

Figure  2  summarises  the  results  obtained  following  a  10  minute  incubation 
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with  the  prostaglandins  on  total  tissue  Ca  content  and  Ca  exchange.  It  can 
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be  seen  that  total  Ca  did  not  significantly 

change  from  control  as  measured  by  atomic 

absorption.  The  trend  toward  increase 

did  not  show  significance  and  with  the 

sample  weights  we  are  operating  at  the 

lower  end  of  the  sensitivity  curve  for  Ca 

in  aqueous  solutions.  There  was,  however, 
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a  significant  increase  in  Ca  uptake  at 

the  time  when  the  increase  in  contractility  was  maximum.  If  the  tissue  is 
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loaded  for  2  hours  in  Ca  medium  and  then  transferred  to  an  unlabeled  medium 
containing  the  prostaglandins  enhance  the  rate  of  efflux  from  the  tissue. 

Further  analyses  indicate  that  at  least  2  separate  Ca  compartments  are  involved, 
and  it  is  the  rapidly  exchangeable  compartment  (t*f  »  3  min.)  that  is  significantly 
altered  by  the  prostaglandins.  Prior  experiments  by  Klaus  and  Piccinini  (Expari- 
entia,  23:556,  1967)  by  indirect  observations  suggested  that  the  Ca  uptake  was 
responsible  for  the  pharmacologic  effect,  however,  their  data  are  subject  to 
certain  criticisms. 

Separate  experiments  were  carried  out  to  determine  whether  the  prostaglandins 
affected  an  intracellular  source  of  Ca.  Zn  these  experiments  ventricles  were, 
excised  and  homogenised  in  isotonic  sucrose  containing  5nM  sodium  aside.  The 
homogenate  was  passed  through  a  sucrose  grsdient  (0. 3+1. OK)  using  a  Beckman 
L2-6SB  ultracentrifuge  at  0°C.  Aside  was  added  to  inhibit  sny  Ca  transport 
by  mitochondria,  a  contaminant  in  this  preparation  of  about  2-3X.  The  appro¬ 
priate  experiments  were  performed  indicating  that  aside  does  not  affect  tse 
resulting  8R,  and  that  under  our  conditions  purified  preparations  of  mitochondria 
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FIGURE  2 


will  not  accumulate  significant  amounts  of  Ca.  The  SR  was  Incubated  10  minutes 
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In  an  imidazole  buffer,  pH  7.0,  containing  5mM  ATP,  5mM  Mg,  5mM  K-Oxalate, 
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lOOmM  KC1,  and  O.lmM  Ca  Cl^  (final  protein,  0.1  mgm/ml).  At  the  end  of  the 
incubation  period  an  aliquot  was  passed  through  a  Millipore  filter  (0.45  u  pore 
diameter),  and  the  amount  of  Ca  taken  up  by  the  SR  was  calculated. 

Figure  3  summarizes  these  esults;  both 
PGE^  and  PGF^  significantly  increased 
Ca  uptake  by  the  SR.  To  test  the  possi¬ 
bility  that  this  effect  may  be  due  to  a 


ments  were  done  using  arachadonic  and 
stearic  acids.  In  both  instances  Ca 
uptake  was  depressed. 
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FIGURE  3 

If  efflux  curves  are  plotted,  that  is,  allow  the  SR  to  accumulate  Ca  for 
10  minutes  in  the  presence  of  the  prostaglandins,  filter  an  aliquot,  and 
wash  the  filter  5  times  during  a  10  minute  period  with  a  solution  containing 
the  prostaglandins  and  O.lmM  EGTA,  Ca  efflux  is  enhanced  significantly  compared 
to  control  with  the  most  marked  effects  occurring  between  2  and  6  minutes . 

These  data  correlate  in  a  temporal  and  quant Itave  manner  quite  nicely  with  the 
whole  tissue  (Sabatlni-Smith,  S.,  Pharmacol.  ±2:339,  1970). 

Mo  satisfactory  theory  has  been  proposed  to  explain  the  diverse  effects 
of  the  prostaglandins.  Due  to  the  fact  that  they  lower  muscle  cell  membrane 
threshold  to  electrical  stimulation,  it  is  possible  that  they  act  at  the  cull 
membrane  and  within  the  cell  itself.  Hums  data  would  Indicate  that  both 
FGB^  and  PCF^  augment  myocardl-!  _  .‘ractility  by  Increasing  intracellular  Ca 
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stores,  thus  enhancing  Ca  availability  in  the  vicinity  of  the  troponin- 
tropomyosin  proteins.  The  question  of  whether  this  effect  on  Ca  transport 
can  be  extended  as  a  basic  physiological  mechanism  of  action  for  the  prosta¬ 
glandins  remains  to  be  answered.  Certain  recent  evidence  from  other  tissues 
would  suggest  this  is  true  (Ramwell,  P.  and  J.  Shaw,  Eds.,  Mew  York  Acad.  Sd. 
Symp.,  "Prostaglandins"  Setp.  1970,  in  press). 


/// 


(1)  AN  EVALUATION  OF  THE  CHANG'S  IN  LEFT  VENTRICULAR  DIAMETER  WITH  THE  RESPECT 
TO  PRESSURE  DURING  DIASTOLE  (Lawrence  D.  Horwitz  and  Vernon  S.  Bishop). 

The  purpose  o£  this  study  was  to  describe  the  dynamic  function  of  the  left 
ventrlJe  in  terms  of  its  diameter,  pressure  and  outflow  at  rest  and  during 
Infusions  of  isoproterenol  and  metaraminol  in  conscious,  unsedated  dogs.  Special 
attention  was  focused  on  the  nature  of  the  diastolic  stress-strain  pattern  of 
the  ventricle  and  its  influence  on  filling. 

Isoproterenol  induced  tachycardia,  a  decrease  in  left  ventricular  end-diastolic 
and  end-systolic  diameters,  and  a  decrease  in  left  ventricular  end-diastolic 
pressure;  metaraminol  induced  bradycardia.  Increase  in  end-systolic  and  end- 
diastolic  diameters  and  an  increase  in  end-diastolic  pressure.  Neither  drug 
altered  stroke  volume  in  a  significant  manner.  Dp/dt  and  drcvaferentlal 
shortening  rate,  measurements  commonly  dted  as  indicative  of  myocardial  con¬ 
tractile  strength,  increased  with  isoproterenol  and  were  unaffected  by  metaraminol. 
Another  measurement  which  has  been  used  oy  some  investigators  as  an  index  of  con¬ 
tractility,  dF/dt,  did  not  change  significantly  with  isoproterenol  and  decreased 
with  metaraminol. 

From  these  studies  it  appeared  that  the  heart  counteracts  an  Increase  in 
afterload  by  an  increasing  end-diastolic  else,  whereas  beta-adrenergic  stimu¬ 
lation  is  characterised  by  production  of  the  same  stroke  volume  from  an  end- 
diastolic  volume  less  than  that  of  the  control  by  means  of  a  more  complete  con¬ 
traction  and  a  smaller  end-systolic  volume. 

The  tachycardia  affect  of  isoproterenol  does  not  account  for  the  changes 
seen  in  diameter  flow  or  dP/dt.  Other  studies  in  our  laboratory  have  shown  that 
increasing  heart  rata  by  pacing  lowers  stroke  volume  and  end-diastolic  die:  'ter 
baa  leas  affect  on  and-eyatollc  diameter,  dP/dt  or  flow  than  does  isoproterenol, 
the  heart  not  only  empties  more  completely  In  lass  time  during  isoproterenol 
infusion,  it  also  fills  sort  rapl'ly.  The  more  rapid  filling  la  related  to  the 
diastolic  pressure  dimension  characteristics. 

the  normal  pressure -dimension  relationship  during  diastole  is  sigmoidal 
in  shape  with  slope  that  first  decreases  and  then  Increases.  Through  most  of 
diastole,  disaster  and  pressure  Increased  togsther,  but  In  mid-diastole  pressure 
declines  slightly  although  disaster  Is  increased.  The  curve  is  divided  into 
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three  segments:  a  period  of  elastic  recoil  in  early  diastole  when  pressure 
is  markedly  negate  and  the  slope  is  decreasing,  a  period  of  elastic  re¬ 
equilibrium  in  mid-diastole  when  pressure  declines  slightly,  and  a  period  of 
elastic  opposition  in  late  diastole  when  the  slope  increases  and  pressure 
becomes  more  positive.  This  relationship  indicates  that  the  heart  exhibits 
non-linear  or  non-Hookean  elastic  properties.  Whether  the  absolute  trans¬ 
mural  pressure  is  negative  is  debatable,  but  <-his  fact  does  not  alter  the 
general  thesis  of  the  study  since  changes  in  pressure  versus  diameter  would 
provide  the  same  basic  relationships.  There  is  a  high  degree  of  distensi- 
bility  in  response  to  relatively  small  stresses,  a  characteristic  which,  to¬ 
gether  with  a  sigmoid  shape  of  the  curves,  i's  shared  by  the  general  class 
of  materials  known  as  elastomers,  which  includes  rubber. 

Ventricular  systole  may  be  analogous  to  the  sudden  compression  of  an  in¬ 
flated  rubber  ball  to  a  volume  less  than  its  normal  unstressed  volume,  so 
that  upon  release  there  are  elastic  forces  which  tend  to  return  the  volume 
to  its  unstressed  level.  Thus,  :  negative  pressures  in  early  diastole 

reflect  this  elastic  tendency  to  return  to  the  unstressed  volume,  while  the 
higher  pressures  late  in  diastole  (t  ?  period  of  elastic  opposition)  are 
due  to  left  ventricular  distention  by  blood  forced  into  the  chamber  by 
atrial  contraction;  this  distention  being  opposed  by  the  elastic  forces. 

The  metaraminol,  isoproterenol  and  control  curves  are  the  same  general 
shape  but  displaced  from  each  other  on  both  the  pressure  and  diameter  axis. 
Isoproterenol  induced  an  increased  rate  of  force  development  and  contraction 
to  a  smaller  end-systolic  volume,  findings  which  are  compatible  with  increased 
cardiac  muscle  contractility.  With  metaraminol  Induced  elevation  in  the 
arterial  pressure,  the  heart  apparently  meets  the  challenge  of  the  increased 
aortic  input  impedance  by  shifting  up  its  Starling  curve  where  increased  end- 
diastolic  fiber  length  results  in  increased  total  force  development  and 
stroke  volume  can  be  preserved  with  less  change  in  muscle  fiber  length  during 
ejection. 

The  lateral  displacement  of  the  curves  is  probably,  at  least  in  part, 
rate  related.  Simple  elastic  elements,  linear  or  non-linear,  follow  identical 
stress-strain  surves  whether  rapidly  or  slowly  extended.  However,  systems  in 
which  viscous  elements  are  also  present  exhibit  frequency  dependency.  Viscous 


forces  oppose  distortion,  so  that  the  strain  for  a  given  stress  in  a  system 
with  both  viscous  and  elastic  forces  is  lest  at  higher  frequencies.  Thus, 
if  cardiac  viscous  elements  are  extant  at  a  given  pressure,  increases  in 
heart  rate  or  contractility  will  be  associated  with  decreases  in  diameter. 
Therefore,  the  shift  of  the  curves  to  the  left  as  heart  rate  and  rate  of 
muscle  shortening  increase  suggest  that  appreciable  viscous  forces  are  present 
in  the  intact  heart. 

The  slight,  transient  mid-diastolic  decrease  in  pressure  during  the 
period  of  elastic  re-equilibration  may  represent  stress  relaxation  or  may 
be  related  to  change  in  inertial  forces.  Inertial  forces  are  determined  by 
the  mass  of  the  mechanical  system.  Mass  is  increasing  and  outward  acceler¬ 
ation  of  the  ventricular  walls  relatively  is  high  in  early  diastole;  but  in 
mid-diastole  there  is  little  change  in  mass,  and  acceleration  is  negligible. 
Inertia  initially  opposes  movement,  but  once  the  system  is  in  motion  it 
actually  assists  the  movement  and  would  be  expected  to  pull  the  pressure- 
diameter  curve  upwards  in  the  late  stages  of  the  early  diastolic  rapid  fill¬ 
ing  period.  Because  the  inertial  forces  are  suddenly  dissipated  in  mid- 
diastole,  some  or  all  of  the  small  decreases  in  pressure  may  be  due  to  a 
realignment  of  the  stress-strain  relationship  with  the  elastic  forces,  which 
are  the  predominant  factors  during  a  period  of  relatively  small  rate  of 
change.  Thus,  from  this  analysis  isoproterenol  may  aid  the  heart  in  filling 
as  a  result  of  the  smaller  end-systolic  dimensions  despite  tachycardia. 

During  early  diastole,  when  most  filling  occurs,  the  transmitral  valve 
pressure  gradient  is  augmented,  due  to  substantial  assistance  from  elastic 
forces  which  are  directed  toward  enlarging  the  ventricle.  On  the  other 
hand,  with  metaraminol ,  because  of  the  less  complete  systolic  contraction, 
there  is  less  benefit  from  elastic  forces  in  early  diastole  and  the  heart 
must  distend  against  greater  elastic  opposition  forces  in  late  diastole. 

In  the  early  portion  of  ejection  these  same  elastic  forces  may  aid  contraction, 
although  this  is  offset  by  increased  inertia  due  to  the  greater  end-diastolic 
blood  mass.  Since  inertia  initially  opposes  ejection  of  blood,  the  increase 
dF/dt  with  metaraminol  may  be  related  primarily  to  the  increased  mass  of 
the  system  rather  than  to  a  decrement  in  myocardial  contractile  force. 


(2)  THE  INFLUENCE  OF  THE  AUTONOMIC  NERVOUS  SYSTEM  ON  CARDIAC  RESERVE  AND  THE 
HEMODYNAMIC  MECHANISMS  UTILIZED  IN  RESPONSE  TO  STRESS  (Vernon  S.  Bishop  and 
Lawrence  D.  Horwitz). 

The  manner  in  which  the  autonomic  nervous  system  affects  the  cardiac 
reserve  and  the  hemodynamic  mechanisms  utilized  in  the  response  to  stress 
has  not  been  extensively  studied.  Information  has  been  particularly  sparse 
concerning  the  influence,  of  autonomic  activity  on  dynamic  left  ventricular 
dimensions  when  the  heart  is  under  stress. 

Utilizing  the  technique  of  Bishop  (1964),  an  estimation  of  cardiac  re¬ 
serve  can  be  obt. lined  by  determining  left  ventricular  output  curves.  This 
requires  rapid  intravenous  infusions  of  isotonic  salene  until  a  maximum 
cardiac  output  is  re ache dc  Cardiac  performance  can  then  be  reproducibly 
quantitated  in  a  controlled  laboratory  setting  by  measuring  stroke  volume, 
heart  rate  and  othar  pertinent  parameters  as  a  function  of  the  increased 
filling  pressure.  To  investigate  the  cardiac  output  response  to  alterations 
in  autonomic  innervation  during  the  stress  of  acute  volume  loading,  left 
ventricular  diameter,  pressure,  stroke  volume  and  heart  rate  were  measured 
in  conscious  dogs  under  conditions  of  normal  autonomic  control,  beta-adrenergic 
blockage,  vagal  blockage,  and  the  combination  of  beta-adrenergic  And  vagal 
blockage  while  ventricular  output  curves  were  performed.  The  complete 
technique  is  described  in  the  attached  manuscript.  At  the  time  of  experi¬ 
mentation  with  the  animals  lying  quietly  on  the  dog  table,  beta-adrenergic 
blockage  was  performed  by  administering  0.5  mg/kg  tc  1.0  mg/kg  intravenously. 
Twenty  minutes  after  administration  of  the  beta  blocking  agent  propranolol, 
resting  measurements  were  obtained  followed  by  the  determination  of  a  ven¬ 
tricular  output  curves. 

Acute,  reversible,  vagal  blockage  was  performed  by  freezing  the  right 
vago-sympathetic  nerve  after  the  left  vago-sympathetic  nerve  had  been  cut. 

This  technique  has  bean  previously  described  by  Stone  and  Bishop  (1968). 

A  stainless  steel  coil  was  placed  around  the  right  vago-sympathetic  nerve 
while  the  animal  was  anesthetized  with  sodium  pentobarbital.  At  the  time  of 
the  experiment,  the  right  vago-sympathetic  nerve  was  temporarily  blocked 
by  infusing  refrigerated  alcohol  at  approximately  15°C. 


Combination  of  beta-adrenergic  and  vagal  blockage..  This  was  performed 
after  a  series  of  control,  beta  blockage  and  vagal  blockage  studies  had 
been  completed.  Twenty  minutes  after  an  intravenous  infusion  of  propranolol, 
the  vagus  was  cold  blocked.  Immediate  resting  and  ventricular  output 
measurements  were  made. 

In  the  resting  conscious  dog,  beta-adrenergic  blockage  with  propranolol 
consistently  increased  end-diastolic  and  end-systolic  left  ventricular 
diameter.  These  increases  in  diameter  were  not  due  to  changes  in  afterload 
or  heart  rate.  Systemic  arterial  pressure  was  usually  not  altered  and  in 
some  animals,  particularly  if  the  initial  heart  rate  was  slow,  propranolol 
increased  end-diastolic  and  end-systolic  diameter  without  altering  heart  rate. 

When  control  ventricular  output  curves  without  autonomic  blockage  were 
performed,  the  maximum  stroke  volume  was  attained  through  a  substantial 
increment  in  end-diastolic  diameter  and  a  considerably  smaller  increment 
in  end-systolic  diameter.  The  maximum  end-diastolic  diameter  with  pro¬ 
pranolol  was  approximately  the  same  as  that  which  occurs  during  control 
ventricular  output  curves.  The  reduction  in  maximum  stroke  volume  was  thus 
due  solely  to  an  increase  in  the  end-systolic  diameter.  Sympathetic  stimu¬ 
lation  increases  the  maximum  velocity  of  cardiac  muscle  preparations.  There¬ 
fore,  it  is  likely  that  the  increases  in  stroke  volume  during  acute  volume  load¬ 
ing  in  the  presence  of  normal  and  autonomic  innervation  is  dependent  upon 
sympathetic  discharge,  whereas  beta-adrenergic  blockage  decreases  the  maximum 
stroke  volume  by  the  extent  of  fiber  shortening  as  reflected  by  the  elevated 
end-systolic  left  ventricular  diameter.  At  rest,  vagal  blockage  resulted  in 
a  large  increase  in  heart  rate  with  simultaneous  decreases  in  stroke  volume, 
la^t  ventricular  end-diastolic  pressures  and  left  ventricular  end-diastolic 
and  end-systolic  diameter.  At  the  peak  of  the  ventricular  output  curves, 
vagal  blockage  did  not  reduce  stroke  volume  despite  the  tachycardia  and  a 
significant  reduction  in  maximum  end-diastolic  diameter.  Although  volume 
loading  increased  left  ventricular  filling  pressure,  the  high  heart  rate 
with  vagal  blockage  may  have  limited  diastolic  filling.  However,  with 
sympathetic  innervaticn  unimpaired,  vagal  blockage  resulted  in  ejection 
of  a  normal  stroke  volume  through  greater  cardiac  muscle  fiber  shortening, 
as  Indicated  by  the  reduction  in  p$ak  end-systolic  diameter  in  most  animals. 
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When  vagal  and  beta-adrenergic  blockage  were  combined,  resting  heart  late 
was  high,  but  there  was  not  a  decrease  in  cardiac  size  as  occurred  with 
vagal  blockage  alone.  Instead,  the  tachycardia  was  accompanied  by  an  in¬ 
crease  in  end-diastolic  and  end-systolic  left  ventricular  diameter,  a 
dimension  change  which  resembled  the  resting  response  to  beta-adrenergic 
blockage  alone.  At  the  peak  of  the  ventricular  output  curves,  the  response 
resembled  that  of  beta-adrenergic  blockage  alone  in  that  maximum  stroke 
volume  and  heart  rate  were  usually  reduced  and  end-systolic  diameter  usually 
slightly  increased  as  compared  with  the  control  curves.  Maximum  end- 
diastolic  diameter  was  significantly  decreased,  as  occurred  with  vagal 
blockage  alone. 

Thus,  the  elimination  of  sympathetic  innervation,  whether  or  not  vagal 
activity  is  present ,  impairs  the  stroke  volume  response  to  volume  loading 
by  decreasing  the  extent  of  cardiac  muscle  fiber  shortening.  This  is 
reflected  by  greater  increments  in  end-systolic  than  end-diastolic  diameter 
during  ventricular  output  curves  performed  after  administration  of  pro¬ 
pranolol,  with  or  vithout  the  addition  of  freezing  of  the  vago-sympathetic 
nerve.  With  sympathetic  innervation  Intact,  the  ability  of  the  cardiac 
muscle  fibers  to  shorten  substantially  is  preserved,  even  at  high  heart 
rates.  Thus,  maximum  cardiac  output  was  increased  during  vagal  blockage 
because  the  marked  augmentation  of  heart  rate  did  not  prevent  ejection  of 
the  same  maximum  stroke,  volume  as  was  attained  during  control  ventricular  output 
curves.  It  is  difficult  to  understand  the  reduced  end-diastolic  diameter 
during  volume  loading  with  combined  blockage,  when  the  peak  heart  rate  was 
less  than  the  control  level,  although  in  excess  of  that  with  beta-adrenergic 
blockage  alone.  It  is  possible  that  absence  of  beta-cdrenergic  stimulation 
hampered  diastolic  filling  at  somewhat  lower  heart  rates  than  was  the  case 
when  autonomic  innervation  was  intact.  The  relatively  high  resting  heart 
rate  in  combined  blockage  may  have  contributed  to  the  lack  of  diastolic 
distention  of  the  ventricle  during  infusion  if  there  was  a  slower  rate  of 
filling  due  to  lack  of  beta-adrenergic  stimulation. 

(A)  THE  EFFECTS  OF  VASODILATORS  ON  THE  CARDIOVASCULAR  SYSTEM  (SEE-HEMODYNAMIC 
EFFECTS  OF  NITROGLYCERIN  AND  AMYL  NITRITE  IN  THE  CONSCIOUS  DOG)  O'Rourke,  Bishop, 
Kot  and  Fernandez. 


The  instantaneous  hemodynamic  effects  of  intravenous  nitroglycerin  and 
amyl  nitrite  inhalation  were  compared  in  seven  conscious  mongrel  dogs  two 
weeks  after  chronic  instrumentation  with  electromagnetic  flow  probes  around 
the  ascending  aorta,  polyvinyl  catheters  in  the  right  atrium  and  left  atrium, 
ascending  aorta,  and  left  ventricular  internal  sonomicrometers .  The  decrease 
in  mean  arterial  pressure,  stroke  volume,  and  mean  atrial  pressures  and  the 
increase  in  heart  rate  and  cardiac  output  were  all  statistically  significant, 
and  similar  with  the  two  drugs. 

The  end-diastolic  diameter,  the  end-systolic  diameter  and  the  stroke 
excursion  (end-diastolic  minus  end-systolic  d'ameter)  decreased  from  control 
values  with  both  nitroglycerin  and  amyl  nitrite. 

In  contrast,  when  the  heart  rate  was  controlled  by  right  atrial  pacing, 
the  decrease  in  end-systolic  diameter  and  end-diastolic  diameter  was 
accompanied  by  an  increase  in  both  stroke  excursion  and  stroke  volume.  The 
increase  in  stroke  excursion  presumably  resulted  from  a  decline  in  afterload, 
as  well  as  a  reflex  release  of  catecholamines.  Thus,  in  summary,  when  either 
nitroglycerin  or  amyl  nitrite  are  given  rapidly  there  is  an  early  and  marked 
reduction  in  mean  arterial  pressure  which  results  in  a  significant  increase 
in  heart  rate,  myocardial  contractile  forces  and  cardiac  output.  There  is 
a  decrease  in  atrial  filling  pressure  due  predominately  to  the  tachycardia 
but  also  to  the  increase  in  myocardial  contractility.  Decreases  in  left 
ventricular  diameter  occurs  for  the  same  reason.  The  paced  animals  demonstrates 
an  increase  of  left  ventricular  function,  independent  of  the  Frank-Starling 
mechanism,  which  is  due  to  both  a  decrease  in  left  ventricular  afterload  and 
a  reflex  mediated  increase  in  myocardial  contractility. 

(5)  LEFT  VENTRICULAR  FUNCTION  AS  ASSESSED  BY  INCREASES  IN  AFTERLOAD  INDUCED 
BY  ANGIOTENSIN  (SEE-VARIABLE  EFFECT  OF  ANGIOTENSIN  INFUSION  ON  LEFT  VENTRICULAR 
FUNCTION  (O'Rourke,  Pegram  and  Bishop). 

The  effects  of  increase  in  afterload  on  left  ventricular  function  by  the 
infusion  of  angiotensin  was  of  interest  from  two  standpoints.  First,  the 
response  of  chronic  dogs  to  artificially  induced  afterload,  produced  by  partial 
aortic  obstruction  which  is  probably  not  physiological,  provided  us  with  in¬ 
consistent  responses  in  conscious  animal  studies.  Secondly,  left  ventricular 
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function  has  been  assessed  routinely  in  both  experimental  animals  and  man  by 
the  use  of  increases  in  afterload  induced  by  angiotensin  infusion.  In  six 
chronically  instrumented  animals  with  aortic  flowmeters,  left  ventricular 
internal  sonomicrometers  and  catheters  in  the  right  and  left  atvium,  angio¬ 
tensin  infusion  caused  significant  increases  in  left  ventricular  mean  systolic 
pressure.  At  the  peak  effect  the  average  7  aft  ventricular  mean  systolic  pressure 
changed  from  84  to  120  mmHg,  left  ventricular  i  nd-diastolic  pressure  increased 
from  4  to  23  mmHg,  and  cardiac  output  decreased  from  about  1.9  liters  to  1.2 
liters,  and  while  stroke  volume  decreased  from  an  average  of  16  cc/beat  to 
11  cc/beat.  All  these  changes  were  significant. 

With  increases  in  afterload,  the  end-diastolic  and  end-systolic  diameters 
increase  while  the  extent  of  shortening  and  stroke  volume  decreased.  Ventri¬ 
cular  function  curves  were  obtained  by  plotting  the  stroke  volume  or  stroke 
work  as  a  function  of  the.  increasing  end-diastolic  pressure.  The  stroke  work 
curve  or  stroke  volume  curves  were  variable  between  each  animal  and  among 
the  group.  At  any  given  end-diastolic  pressure  there  was  a  variable  stroke 
volume  or  stroke  work  response.  Ir  any  given  animal  it  was  impossible  to  tell 
on  successive  determinations  whether  the  left  ventricular  function  was  good 
or  bad. 

We  concluded  from  this  study  that  a  continuous  graded  intravenous  infusion 
of  angiotensin  produces  an  increase  in  left,  ventricular  mean  systolic  and  end- 
diastolic  pressures,  an  increase  in  end-diastolic  diameter  and  a  greater  increase 
in  end-systolic  diameter.  This  is  associated  with  a  decrease  in  cardiac  out¬ 
put,  stroke  volume  and  stroke  excursion  and  no  significant  change  in  the  heart 
rate.  Ventricular  function  curves  obtained  from  this  data  vary  significantly 
when  compared  in  similar  animals  of  the  same  species  and  may  differ  considerably 
in  the  same  conscious  animal  on  different  determinations.  These  data  suggest 
that  ventricular  function  curves  obtained  by  this  method  provide  an  unreliable 
index  of  ventricular  function.  It  is  apparent  that  the  effects  of  afterload  on 
left  ventricular  performance  is  not  a  simple  effect.  Angiotensin-induced  in¬ 
creases  in  afterload  at  various  heart  rates  and  filling  pressures  are  presently 
being  evaluated  as  a  means  to  quantitate  the  relationship  of  these  three 
variables  on  left  ventricular  function. 

(6)  LEFT  VENTRICULAR  INTERNAL  DIAMETER  OBTAINED  BY  CARDIAC  CATHETERIZATION 
(SEE-MEASUREMENT  OF  LEFT  VENTRICULAR  INTERNAL  DIAMETER  BY  CATHETERIZATION) 

Kardon,  O'Rourke,  Palmer  and  Bishop. 

Our  studies  with  chronic  instrumented  conscious  animals  have  provided  im¬ 
portant  information  regarding  the  interrelationship  of  left  ventricular  Internal 


diameter,  left  ventricular  pressure  and  stroke  volume.  These  studies  have 
emphasized  the  need  for  continuous  measurements  of  left  ventricular  internal 
diameter  and  pressure  by  procedures  which  would  not  require  a  thoracotomy 
and  could  be  readily  used  in  research  animals  and  man. 

The  lack  of  a  suitable  technique  has  led  to  our  development  of  a  catheter 
which  measures  the  internal  diameter  and  pressure  of  the  left  ventricle.  The 
basic  principle  involves  the  measurement  of  the  mean  transient  time  for  ultra¬ 
sound  to  traverse  the  distance  between  piezoelectric  crystals  mounted  at 
appropriate  distance  along  a  number  8F  woven  dacron  catheter.  The  catheter 
is  preformed  and  is  passed  retrograde  up  the  femoral  artery  and  into  the 
left  ventricle,  and  positioned  so  that  a  semicircular  loop  of  the  catheter 
lies  in  a  plane  parallel  to  the  septum  and  against  the  anterior  and  posterior 
endocardial  surface.  In  this  position  one  piezoelectric  crystal  is  on  the 
posterior  endocardial  surface.  Usually,  the  loop  of  the  catheter  traverses 
the  major  cord  of  the  left  ventricle  parallel  to  the  interventricular  spetum, 
and,  in  fact,  the  catheter  exhibited  a  tendency  to  seek  the  largest  dimension. 
Because  the  transducers  are  radiopaque,  it  is  always  easy  to  determine  the 
exact  position  and  the  plane  of  orientation. 

The  left  ventricular  transverse  internal  diameter  recording  obtained 
with  the  dimension  catheter  in  six  anesthetized  animals  under  resting  condi¬ 
tions  and  with  angiotensin  and  isoproterenol  infusions  were  similar  to  the  internal 
diameter  response  obtained  from  animals  which  had  been  chronically  instrumented 
with  sonomicrometers.  This  catheter,  so  far,  has  demonstrated  a  unique  way  of 
evaluating  the  left  ventricular  internal  dimensions  of  the  heart  on  a  beat- 
to-beat  basis.  In  addition  to  the  general  advantage  of  the  ultrasound  technique, 
the  piezoelectric  crystals  are  radiopaque  and  thus  allow  for  easy  visualization 
of  the  plane  of  measurement  and  the  movement  of  the  piezoelectric  crystal  against 
the  anterior  and  posterior  endocardial  s-.-face.  In  all  animals  studied  the  number  * 
uf  premature  ventricular  contractions  occurring  during  the  positioning  of  this 
catheter  were  similar  to  those  obtained  during  routine  catheterization  of  the 
left  ventricle  and  were  transient.  Thus,  we  believe  this  technique  should  be 
extremely  valuable  in  the  assessment  of  left  ventricular  function  in  non- 
thoracotomlzed  animals  and  with  refinement  may  be  of  value  in  diagnostic  left 
heart  catheterization  in  patients  with  heart  disease. 
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(7)  THE  ROLE  OF  ACETYLCHOLINE  AND  NOREPINEPHRINE  IN  CONTROLLING  HEART  RATE 
(SEE-THE  INTERACTION  OF  ACETYLCHOLINE  AND  NOREPINEPHRINE  ON  HEART  RATE)  G.O. 
Carrier  and  V.S.  Bishop. 

In  conscious  animal  studies  one  often  uses  the  resting  heart  rate  to  eval¬ 
uate  the  degree  of  excitability  of  the  animal.  The  heart  rate  may  be  high 
on  certain  days  and  lower  on  other  days  and  yet  in  both  cases  the  animal  may 
be  resting  quietly,  even  dozing.  In  responses  to  stress  one  often  states, 
based  on  heart  rate  changes,  that  the  stress  causes  an  increase  in  sympathetic 
activity  or  an  increase  in  vagal  activity.  The  purpose  of  our  study  was  to 
investigate  the  interaction  between  acetylcholine  and  norepinephrine  on  a 
chronotropic  response  in  isolated  rabbit  atria  so  that  a  quantitative  relation¬ 
ship  between  the  two  neurotransmitters  could  be  established.  Recently, 

Grovner  et  al,  1970,  described  the  interaction  of -acetylcholine  and  norepine¬ 
phrine  on  isolated  rabbit  atria.  The  results  obtained  by  these  investigator 3 
were  qualitatively  in  agreement  with  our  findings  (Carrier  and  Bishop,  1970). 
However,  the  concentration  of  acetylcholine  employed  by  Grovener  was  100 
times  the  concentration  of  norepinephrine.  This  difference  in  concentration 
could  be  considered  to  bias' the  results  in  favor  of  acetylcholine  effect. 

In  our  study  the  data  clearly  indicates  the  vagus  transmitter,  acetyl¬ 
choline,  has  a  greater  affinity  for  the  mechanism  responsible  for  alterations 
in  heart  rate  than  does  norepinephrine  when  both  transmitters  are  present. 

When  the  isolated  atria  are  subjected  to  acetylcholine  or  norepinephrine 
separately,  a  slowing  or  acceleration  in  heart  rati  respectively  occurred. 

In  the  presence  of  10“®M  acetylcholine,  norepinephrine  concentrations  caused 
a  significant  increase  in  heart  rate.  At  this  concentration  of  acetylcholine, 
we  can  assume  that  there  was  virtually  no  cholinergic  influence  present.  There¬ 
fore,  one  would  expect  to  see  a  pure  adrenergic  response.  Increases  in  the 
concentrations  of  acetylcholine  to  10~^M  resulted  in  significantly  higher 
doses  of  norepinephrine  being  required  to  obtain  maximum  responses  or  reversed 
the  slowing  effects  of  acetylcholine.  In  the  presence  of  10  acetylcholine, 
which  causes  approximately  60X  depression  in  rate,  a  concentration  of  nor¬ 
epinephrine  at  least  100  fold  greater  than  that  of  acetylcholine  is  required 
to  cause  a  slight  reversal  of  acetylcholine's  effect. 

The  data  suggest  that  competitive  interactior  between  the  neurotransmitters 
effect  the  changes  in  heart  rate,  and  that  acetylcholine  apparently  has  s 


greater  effect  on  the  heart  rate  slowing  for  equimolar  concentration  than  that 
of  norepinephrine.  These  results  suggest  that  the  parasympathetic  and 
sympathetic  system  do  not  have  to  act  in  any  reciprocal  fashion,  nor  do  they 
add  in  an  algebraic  fashion.  Thus,  the  resting  heart  rate  may  be  set  by  the 
vagus  and  modulated  by  changes  in  sympathetic  activity. 

STUDIES  IN  PROGRESS 

(1)  Effects  of  Atrial  Pacing 

Generally  as  the  heart  rate  increased,  both  the  end-diastolic  diameter 
(EDD)  and  the  end-systolic  diameter  (ESD)  decreased.  The  change  in  EDD  was 
usually  two  to  three  times  the  change  in  ESD.  At  the  highest  atrial  pacing 
(<W-117)  the  ESD  was  increasing  back  toward  the  control  values  even  though 
.the  left  ventricular  mean  systolic  pressure  was  not  elevated.  The  correspond¬ 
ing  reduction  in  stroke  volume  was  the  result  of  a  reduced  stroke  diameter 
occurred  as  a  result  of  a  diminished  initial  diameter  (EDD)  and  the  lack  of 
a  corresponding  reduction  in  ESD. 

As  has  been  shown  previously  by  this  investigator  and  by  others,  the 
stroke  volume  was  found  to  decrease  linearly  with  increases  in  heart  rate 
in  all  animals  studied.  However,  many  factors  may  altei  this  relationship 
such  as  changes  in  initial  filling  pressure,  aortic  pressure,  and  the  inotro¬ 
pic  state  of  the  heart.  Furthermore,  the  relationship  is  time  dependent 
and  inhibits  a  hysteresis  when  the  heart  rate  is  reduced  from  the  high  rate 
back  to  the  initial  rate.  This  is  probably  related  to  the  changes  in  filling 
pressure  since  both  the  mean  atrial  pressure  and  the  internal  diameter  exhibit 
similar  hysteresis.  The  effects  cf  the  initial  mean  left  atriri  pressure  or 
end-diastolic  pressure,  inotropic  state  and  aortic  pressure  on  the  stroke  volw  • 
heart  rate  relationship  is  presently  being  Investigated.  The  average  mean 
left  atrial  pressure  was  not  significantly  reduced  until  high  heart  rates  were 
reached.  It  usually  declined  in  an  asymptotic  relationship  to  the  heart  rate. 

The  left  ventricular  transverse  internal  diameter  changes  rapidly  during 
ejection  and  during  the  phase  of  rapid  filling.  With  exception  of  two  animals 
the  absolute  value  of  the  first  derivative  with  respect  to  time  (dD/dt)  of  the 
diameter  was  greater  during  the  rapid  filling  phase  dDd/dc  than  during  the 
ejection  phase  dDs/dt.  This  means  the  circumferential  fiber  lengthening  rate 
was  greater  than  the  shortening  rate.  As  the  heart  rate  is  increased,  the  rapid 
filling  phase  fused  with  the  slow  filling  phase  and  dDd/dt  increased  slightly 
with  moderate  increases  in  heart  rate.  The  derivative  of  the  diameter  during 
ejection  dDs/dt  decreased  only  at  very  high  heart  rates.  More  work  Is  being 
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conducted  with  respect  to  the  factors  effecting  the  velocity  of  lengthening 
during  the  heart  cycle.  Since  the  harmonic  components  of  the  diameter 
measurement  are  relatively  low  frequency  any  artifact  in  the  measurement 
may  significantly  effect  the  derivative. 

Pacing  had  little  effect  on  left  ventricular  mean  systolic  pressure  or  on 
dP/dt  (max).  A  reduction  of  about  10%  was  seen  only  at  the  highest  rates. 

The  acceleration  of  the  blood  during  ejection  (dF/dt)  decreased  with  all 
elevated  heart  rates  reaching  a  25%  reduction  at  the  highest  rate.  From 
physical  consideration,  dF/dt  must  depend  upon  the  initial  diameter  (EDD) , 
the  extent  of  muscle  shortening  (EDD-ESD)  and  the  rate  of  muscle  shortening. 
Thus,  the  dF/dt  would  be  expected  to  decrease  with  atrial  pacing  if  the  ino¬ 
tropic  state  of  the  heart  was  not  greatly  altered. 

Normally,  atrial  pacing  exerts  rome  positive  inotropic  effect  on  the 
left  ventricle  which  is  reflected  by  an  Increase  dP/dt  (max).  However,  the 
EDD  and  the  extent  of  shortening  also  have  an  effect  on  dP/dt  (max).  Thus, 
the  reduction  in  the  EDD  and  the  extent  of  shortening  may  offset  any  in¬ 
crease  in  dP/dt  (max)  which  may  result  from  the  atrial  pacing.  In  preliminary 
experiments,  removal  of  the  sympathetic  input  to  the  heart,  the  stroke  volume 
decreased  as  usual  with  increasing  heart  rate  but  BSD,  instead  of  decreasing, 
now  increased.  Additional  experiments  are  being  undertaken  to  investigate 
the  mechanism  of  this  response. 

(2)  Effects  of  Afterload 

In  the  cor scious  dog  graded  changes  in  afterload  were  difficult 
to  obtain  using  the  technique  of  occluding  aortic  flow.  An  elevation  of  the 
mean  arterial  pressure  (HAP)  by  17  anHg,  which  caused  the  left  ventricular 
mean  systolic  pressure  to  Increase  21  amHg,  resulted  in  significant  change  in 
■sen  left  atrial  pressure  (MLAP) ,  heart  rate,  dF/dt  (max),  BDD  and  ESD.  With 
larger  afterload  Imposed  upon  the  left  ventricle  tension  which  hss  to  iM 
developed  by  the  left  ventricular  muse la  is  increased.  Since  both  left  ven¬ 
tricular  pressure  and  diameter  ere  Increased,  the  efterlocd  ss  reflected  by 
the  changes  in  either  MAP  or  LVMS?  is  less  then  the  increased  developed  tension 

The  maintenance  of  the  stroke  volume  during  the  elevated  afterload  waa 
due  to  an  increase  in  Mi  AP  and  EDD.  Since  the  ESD  waa  increased,  the  increased 
EDD  resulted  in  e  maintenance  of  the  extent  of  si  tenlng.  It  Is  unlikely  that 


the  inotropic  state  of  the  left  ventricle  was  changed  since  dP/dt  and  the 
extent  shortening  were  not  increased. 

The  acceleration  of  the  blood  dF/dt  (max)  from  the  left  ventricle  was 
diminished  in  face  of  the  increased  afterload.  The  reduction  in  the  rate 
of  the  diameter  change  during  ejection  (dDs/dt)  and  rapid  filling  (dDd/dt) 
were  not  significant.  These  changes  may  be  related  in  part  to  the  decrease 
in  heart  rate. 

(3)  Effects  of  Afterload  and  Atrial  Pacing 

The  effects  are  similar  to  the  effects  seen  during  atrial  pacing 
alone.  Many  of  the  changes  are  not  significant. 

The  effects  of  afterload  plus  pacing  are  compared  to  the  resting 
control  state.  Mean  left  atviAl  pressure  and  left  ventricular  mean  systolic 
pressure  were  still  elevated  above  control.  The  acceleration  of  blood  while 
reduced  with  afterload  alone  is  now  Increased  about  10Z.  The  stroke  volume 
decreased  principally  because  the  ESD  was  maintained  above  the  control  value. 
The  reduction  in  the  extent  of  shortening  was  similar  to  that  seen  with 
atrial  pacing  alone  because  the  EDD  was  similar  to  the  control  resting  value 
and  ESD  was  elevated. 

(4)  Critique  of  Atrial  Pacing  and  Afterload  Changes 

The  techniques  used  for  increasing  the  heart  rate  and  afterload 
were  not  satisfactory  for  routine  use  in  conscious  animals.  Stable  reproduci¬ 
ble  levels  of  atrial  pacing  were  often  difficult  and  pacing  artifacts  were 
often  present  in  the  electromagnetic  flow  signal.  The  artificially  induced 
afterload  was  difficult  to  obtain  in  a  reproducible  manner.  Furthermore,  as 
mentioned  previously,  the  degree  of  sortie  occlusion  was  not  directly  reined 
to  the  change  in  mean  arterial  pressure.  Often  times  due  to  the  discomfort 
displayed  by  the  animals,  s  significant  elevation  in  mean  arterial  pressure 
could  not  be  obtained. 

As  a  result  of  to*  above  factors  this  portion  of  the  research  project  has 
been  changed  as  follows t 

(1)  Increases  in  heart  rate  are  obtained  by  either: 

a.  Atnal  pacing  by  previously  implanted  electrodes  on  the  right 
atrium. 

b.  Blockage  of  the  vagus  by  atropine  or  cold  blocked 

(2)  Increases  in  afcerlosd  axe  obtained  by  infusing 

a.  Angiotensin  or.. 

b.  Phenylephrine 
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(5)  Mathematical  Description  of  Ventricular  Output  Curves 

Generally,  the  ventricular  output  curves  determined  by  scutely 
preloading  a  conscious  animal  at  a  constant  rate  can  be  described  by  the 
following  equation:  dc/dp  =  K  (Cm-Co)  where..... C  =  cardiac  output  (cc/min) 

. K  =  proportionally  constant  mmHg  . .  Cm  =  maximum  cardiac  output 

. Co  =  initial  cardiac  output,  or  cardiac  output  at  any  pressure. 

Based  upon  the  heart  lung  preparations  one  would  expect  a  first  order  equation 
to  be  more  applicable  to  the  stroke  volume  response.  In  conscious  dogs  the 
heart  rate  response  to  increases  in  preload  are  often  variable  and  thus  the 
stroke  volume.  We  are  now  evaluating  this  response  in  terms  of  the  stroke 
volume  by  maintaining  the  heart  rate  constant  by  vagal  blockage.  In  the  above 
equation,  cardiac  output  can  then  be  replaced  by  stroke  volume  (S) .  Example: 
ds/dp  *  K  (Sm-So) . 

With  heart  rate  fixed  this  equation  describes  the  stroke  volume  response 
based  upon  the  Frank-Starling  principle.  The  equation  states  that  change  in 
stroke  volume  per  increment  change  inffilling  pressure  is  proportional  to  the 
stroke  volume  reserve  of  the  left  ventricle.  The  Frank-Starling  principle 
would  imply  that  ds/dp  would  be  large  at  first  and  then  decrease  as  the  stroke 
volume  increased.  Thus,  based  upon  this  premise,  we  have  investigated  the 
stroke  volume  output  response  in  conscious  animals  instrumented  with  electro¬ 
magnetic  flowmeters  and  catheters  for  rapid  infusion  of  Tyrode's  solution  and 
measurement  of  left  atrial  pressure.  Ventricular  output  curves  and  stroke 
volume  output  curves  have  been  obtained  under  control  states,  vagal  blockages 
with  atropine  and  with  atropine  plus  isoproterenol.  The  dose  of  isoproterenol 
average  0.1  g/kg  and  was  purposely  maintained  at  low  levels  so  not  to  in¬ 
fluence  the  heart  rate  response  to  atropine  alone.  The  cardiac  output  reserve 
(Cm-Co)  was  increased  from  a  control  value  of  102  cc/kg-min  to  140  cc/kg-min 
and  160  respectively  for  atropine  and  atropine  plus  isoproterenol  treated 
animals.  With  atropine  the  stroke  volume  reserve  increased  over  the  control 
principally  as  a  result  of  the  lower  initial  stroke  volume  (So)  and  the  higher 
heart  rate.  However,  the  maximum  stroke  volume  (Sm)  at  the  peak  of  the  output 
curve  was  not  different.  Comparing  the  atropine  to  atropine  plus  isoproterenol 
the  initial  slope  ds/dp  was  0.14  cc/kg-beat  for  atropine  treated  and  0.22  cc/kg- 
beat  for  the  atropine  plus  isoproterenol  treated  animals.  Isoproterenol  also 
increased  the  sttoke  volume  reserve  (Sm-So)  from  0.60  cc/kg/min  to  0.90  cc/kg-min. 


Thus,  the  initial  study  has  demonstrated  that  by  maintaining  the  heart 
rate  constant  one  can  evaluate  the  pumping  ability  of  the  heart  in  terms  of 
stroke  volume  and  that  small  inctropic  interventions  can  be  easily  detected 
by  mathematically  analyzing  the  data.  Studies  are  now  underway  to  incorporate  the 
internal  diameter  responses  in  this  treatment  so  that  stroke  volume  will  be  re¬ 
lated  to  the  diameter  changes. 

(6)  Pericardium 

In  evaluating  the  role  of  tiie  pericardial  sac  in  the  performance  of 

the  heart  in  health  and  disease,  we  have  continued  to  look  at  the  permeability 

of  the  membrane.  In  the  rabbit,  dog,  and  human  pericardium,  we  have  found  the 

membrane  not  only  to  have  a  high  filtration  coefficient  (the  measurement  of  the 

amount  of  fluid  which  can  pass  across  the  membrane  per  cm  H2O  pressure) ,  but 

2 

that  the  permeability  of  the  membrane  to  creatine  and  urea  are  1.5  x  10  -3 
cm/sec  and  3.2  x  10“^  cm/sec  when  molecules  of  the  size  of  glucose  are  studied. 
Although  the  exact  function  of  the  pericardium  is  not  known,  we  believe  these 
characteristics  of  the  membrane  must  be  considered  important  functions  of  the 
pericardium  in  the  regulation  of  the  fluid  contained  between  the  pericardium 
and  the  heart. 

(7)  Evaluat;on  of  the  Interaction  of  Propranolol  and  Digitalis 

One  of  the  earlier  clinical  applications  of  beta-adrenergic  blocking 
(propranolol)  agents  was  the  treatment  of  patients  with  angina  pectoris.  This 
blockage  of  the  sympathetic  nervec  has  been  shown  by  us  to  reduce  left  ven¬ 
tricular  function,  (both  the  EDD  and  ESD  are  increased  at  rest).  This  becomes 
more  important  when  considering  the  response  to  stress.  Since  this  drug 
(propranolol)  is  widely  used  and  its  depressive  action  could  precipitate  heart 
failure  in  these  patients,  we  have  investigated  to  see  if  digitalis,  which  is 
often  given  with  propranolol,  would  reverse  the  depression  resulting  from 
propranolol  alone.  In  general  when  propranolol  is  given  to  resting,  animals, 
digitalis  negates  the  depressive  action  of  propranolol.  When  digitalis  is  given 
first,  the  opposite  is  true.  Thus,  at  rest  digitalis  may  prevent  a  patient 
from  developing  severe  heart  depression  from  propranolol.  Tills  may  or  may  not 
be  true  during  exercise. 

(8)  Force  Velocity 

In  all  studies  in  which  left  ventricular  internal  diameter  and  pressure 
have  been  measured  and  in  which  we  have  evaluated  the  response  of  the  left  ventricle, 
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we  have  calculated  velocity  of  shortening  of  the  contractile  element  and  the 
series  elastic  element  as  well  as  the  tension.  These  calculations  have  required 
major  assumptions  which  is  true  of  all  velocity  measurements  made  in  the  intact 
heart.  Our  direct  diameter  measurements  usually  indicate  shortening  (Horwitz 
and  Bishop)  during  isovolumic  contraction.  This  alters  the  force-velocity 
relationship  during  the  most  important  period.  We  are  presently  making  a  de¬ 
tailed  analysis  of  all  the  force-velocity  relationships  we  have  obtained  in 
some  twenty  animals  under  various  experimental  conditions.  We  are  also  in¬ 
vestigating  the  tension  change,  the  impulse  and  momentum  of  the  muscle  and  blood. 
So  far  out  most  reliable  index  of  myocardial  contractility  is  the  extent  of 
shortening  and  the  end-systolic  diameter. 
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ABSTRACT 

The  dynamic  function  of  the  left  ventricle  was  described  in 
terms  of  internal  diameter,  pressure  and  flow  in  seven  conscious, 
unseda  ed  dogs  at  rest  and  during  isoproteronol  and  metaraminol 
infusion.  Diameter  was  approximately  linearly  related  to  left  ven¬ 
tricular  volume  during  ejection.  Isoproteronol  was  associated  with 
increases  in  heart  rate,  left  ventricular  systolic  pressure,  dP/dt, 
dF/dt,  and  dD/dt,  and  decrease  in  end  systolic  and  end  diastolic 
pressure  and  diameter.  Metaraminol  induced  increases  in  left  ven¬ 
tricular  systolic  and  diastolic  pressures  and  diameters  and  decreases 
in  heart  rate  and  dF/dt.  Stroke  volume  was  not  affected  by  either 
drug.  During  diastole  the  pressure-diameter  relationship  was  sigmoidal 
with  the  initial  portion  markedly  negative  in  pressure.  Changes  in 
heart  rate,  contractile  state,  and  afterload  resulted  in  displacement 
of  the  diastolic  curves.  It  is  concluded  that  viscous  forces,  and 
possibly  inertial  forces,  influence  the  diastolic  stress-strain  re¬ 
lationship,  and  that  elastic  recoil  is  present  in  early  diastole  in 
the  normal  heart. 

Key  Words:  Left  Ventricular  Diameter,  Maximum  Acceleration,  Stroke 

Work,  Left  Ventricular  Compliance,  Viscoelasticity,  Inertia 
of  the  Heart,  Stress  Relaxation. 
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Accurate,  quantitative  descriptions  of  dynamic  left  ventricular 
dimensions  have  been  difficult  to  obtain,  particularly  in  conscious 
animals.  Volume  measurements  with  cardiometers  fail  to  distinguish 
between  the  right  and  left  ventricles,  while  roentgenographic  tech¬ 
niques  are  limited  in  resolution,  require  geometric  approximations 
and  arc  liable  to  unphysiological  alterations  from  dye  injections 
(9,15).  Electronic  gauges  affixed  to  the  external  surface  of  the  heart 
are  unsatisfactory  for  assessment  of  ventricular  chamber  size  be¬ 
cause  wall  thickness  changes,  which  may  be  substantial  (A),  cannot  be 
detected. 

Recently,  continuous  instantaneous  measurements  of  the  internal 
transverse  left  ventricular  dr  iter  have  been  recorded  with  ultra¬ 
sonic  transducers  chronically  affixed  to  the  endocardium  of  conscious 
dogs  (6) .  Changes  in  this  dimension  were  approximately  linearly  re¬ 
lated  to  changes  in  ventricular  volume  t  .ring  ejection,  indication 
that  internal  diameter  is  a  reliable  index  to  ventricular  volume  (1). 

The  purpose  of  this  study  is  to  describe  the  dynamic  function  of 
the  left  ventricle  in  terms  of  its  diameter,  pressure  and  outflow  at 
rest  and  during  infusions  of  isoprotcronol  and  metnraminol  in  conscious, 
unsedated  dogs.  Special  attention  was  focused  on  the  nature  of  the 
diastolic  stress-strain  pattern  of  the  ventricle  and  its  influence  on 
filling. 

METHODS 

Thoracotomies  were  performed  in  eight  18-27  kg  mongrel  dogs 
anesthetized  with  mcthoxyfluranc .  During  a  brief  venous  inflow  occl u.sion , 


a  stnb  incision  was  uvula  th  nigh  the  anterior  wall  of  the  left  ven¬ 
tricle  am!  two  discoid  piezoelectric  crystal  transducers,  4  mm  in 
diameter  and  2  mm  in  thickness,  were  implanted  within  the  chamber  (6). 
The  transducers  were  positioned  across  the  greatest  internal  trans¬ 
verse  left  ventricular  diameter,  one  on  the  anterior  and  the  other 
on  the  posterior  endocardial  wall.  Through  a  second  incision  on  the 
anterior  wall,  approximately  2  cm  above  the  apex,  a  solid  state 
pressure  transducer  (Microsystems — now  Whittaker  Corporation  //1017) 
was  also  implanted  within  the  left  ventricle.  An  electromagnetic 
flow  probe  was  placed  around  the  ascending  aorta  and  a  polyvinyl 
catheter  inserted  into  the  left  atrium  through  the  left  atrial 
appendage.  The  pericardium  was  left  open.  The  catheter  and  wires 
were  brought  outside  the  skin  at  the  back  of  the  neck.  The  dogs  were 
given  two  weeks  for  recovery  from  surgery  before  experiments  began; 
none  had  nrrhytlunias  or  systemic  infections  and  all  could  exercise 
normally.  During  recordings,  the  animals  lay  on  their  right  sides, 
unsedated,  but  lightly  restrained. 

A  sononvicromoter  designed  by  Stegall  et  al.  (17)  measured 
transit  time  of  5  mHz  ultrasound  between  the  two  piezoelectric  crystals 
at  a  sampling  rate  of  5000  times  per  second.  Since  the  velocity  of 
sound  in  blood  is  known,  transit  time  was  convertible  to  distance. 

Flow  signals  were  recorded  with  a  Kedicon  K  20u0  electromagnetic  flow¬ 
meter.  The  late  diastolic  level  of  aortic  flow  was  used  as  the  zero 
flow  reference  point.  Flow  probes  were  calibrated  in  vitro  prior  to 
Implantation,  uml  the  calibration  verified  nt  autopsy  where  in  all  cases 
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the.  two  calibrations  varied  by  less  than  5/1. 

Left  atrial  pn.-osuve  was  measured  through  tlv*  implanted  catheter 
with  a  Stalhs.m  P23dh  manometer  zero'd  to  the  midline  of  the  sLemun 
while  the  dog  lay  on  its  right  side.  The  solid  state  pressure  trans¬ 
ducers  were  procalibrated  at  38°C  and  sensitivity  did  not  change  dur¬ 
ing  implantation,  although  some  drift  in  the  -'cro  level  did  occur  from 
day  to  day.  Ze.ro  ventricular  pressure  was  checked  on  some  occasions 
with  a  catheter  inserted  percutaueously  into  the  left  ventricle  and 
an  external  manometer,  but  since  this  sometimes  perturbed  the  animal, 
the  zero  drift  was  corrected  in  most  records  by  setting  the  left  ven¬ 
tricular  end  diastolic  pressure  equal  to  the  left  atrial  pressure  at 
the  beginning  of  each  experiment.  In  one  animal,  sedated  with  Innovar 
'McNeil  Laboratories),  intrapleural  pressure  was  estimated  with  a 
catheter  in  the  esophagus  and  an  external  manometer  during  rest,  iso¬ 
proterenol  infusion  and  metarauinol  infusion.  The  electrocardiogram 
was  obtained  with  subcutaneous  needle  electrodes  placed  over  the  sternum. 

All  signals  wore  inscribed  on  an  Cffver  Type  R  oscillograph  and  an 
Ampex  Fit  1800  tape  recorder.  The  taped  records  wore  processed  with 
analogue  and  digit  ’!  computers.  The  digital  program,  averaged  ten  con¬ 
secutive  beats  and  was  triggered  by  the  R  wave  of  the  elect roeard Ingram. 
Recordings  of  left  ventricular  pressure  and  dir  -ter  and  phasic  and 
integral  uortic  flow  van  made  every  .003  r’coads.  Single  beats  veto 
also  analyzed. 

Me  a  s;u  re  iv  nls  of  resting  values  vote  followed  by  intravenous  in¬ 
fusion  t* f  either  isoproterenol  h>dnn hlori.de  at  a  rate  sufficient  to 


increase*  heart  rate  by  approximately  25%  or  metar.minol  bitartratn 
at  a  rate  sufficient  to  elevate  mean  aortic  pressure  by  approximately 
30%.  Usually,  both  infusions  were  given  the  some  day;  some  dogs  re¬ 
ceived  only  one  of  the  drugs. 

CRITIQUE  OF  METHODS 

The  solid  state  pressure  gauges  were  not  tested  for  frequency 
response  but  based  on  their  electronic  characteristics  and  reports 
by  others  they  should  have  a  natural  frequency  in  excess  of  3000  cps 
(10).  Changes  in  sensitivity  in  vitro  and  in^  vivo  appeared  to  be 
negligible.  Significant  zero  drift  during  implantation  did  occur  from 
day  to  day,  however,  and  an  independent  zero  reference  was  needed  to 
set  the  pressure  at  the  beginning  of  each  experiment.  Catheters  tem¬ 
porarily  Inserted  into  the  left  ventricle  under  local  anesthesia  were 
on  occasion  used  for  such  a  reference,  although  the  catheter  left 
ventricular  pressure,  which  was  matched  with  the  solid  state  transducer 
pressure ,  was  subject  to  some  error  because  of  relatively  low  fre¬ 
quency  response  nnJ  motion  artifacts.  The  catheter  left  ventricular 
end  diastolic  piiA.*nrc&  wave  always  within  1  m»  Hg  of  the  mean  left 
atrial  pressure  whether  control,  metarominol  or  Isoproteronol  states 
vcrc  studied.  This  correlation  was  judged  sufficiently  goed  to  justify 
setting  the  solid  state  transducer  ventricular  end  diastolic  pressure, 
equal  to  the  mean  atrial  pressure  on  a  clay  to  day  basis.  Braun vald 
and  Frahw  have  reported  that  luff  atrial  pressure  correlates  within 
0.2  ran  Itg  with  left  ventricular  end  diastolic  pressure  in  normal  man 
(2).  Thi  s  was  preferred  to  repeated  catheterization  of  the  ventricle. 


which  would  not  permit  good  resting  states.  Errors  from  this  method 
could  have  affected  the  absolute  levels  of  ] eft  ventricular  pressure: 
by  as  much  as  1  mm  Ilg,  but  relative  values  during  a  cycle  were  correct 

The  diameter  measurement  was  of  very  high  frequency  response 
and  resolution.  The  sonomi crone t«r  has  a  theoretical  resolution  of 
1/4  wavelength  which  corresponds  co  .07  mm  at  5  mllz.  Frequency  re¬ 
sponse  is  a  function  of  the  sampling  rate  of  5000  times  per  second. 

Flow  probe  calibrations  wore  rechecked  and  found  to  be  unchanged 
after  the  animals  were  sacrificed,  and  errors  from  the  calie  ition  or 
from  inaccuracy  in  the  assumption  that  end  diastolic  flow  is  zero  wore 
probably  slight.  Both  the  sonomicresicter  and  the  flowmeter  were  found 
to  have  phase  lags  of  apnroximately  40°  at  20  Hz.  The  lag  in  the 
pressure  record  may  be  assumed  to  be  negligible.  Therefore,  diameter 
and  flow  could  be  compared  in  time  and  the  phase  lag  in  these  measure¬ 
ments  .was  so  small  that,  using  the  .008  second  interval  for  the  read¬ 
ings,  they  could  also  be  compared  with  pressure,  ^incc  the  estimated 
delay  was  less  than  a  single  interval. 

Results  were  similar  whether  individual  or  averaged  beats  wore 
used.  Averaged  beats  wore  used  for  the  data  presented,  because  extra¬ 
neous  electrical  noise,  motion  artifacts,  respiratory  effects  and 
single  abnormal  beats  could  be  averaged  out  tc  insure  greater  aecura.  y 
RESUUS 

Figure  ’  is  o  photograph  of  «  digital  computer  plot  of  left 
ventricular  diameter*  pressure,  phasic  aortic  flow,  and  integral  aortl 
flow  versus  tine .  Ten  con recut ive  heals  in  a  resting  animal  are 


averaged.  At  th>’  onsi’t  of  systole,  left  ventricular  pressure  rose 
abruptly,  while  simultaneously  the  left  ventricular  diameter  de¬ 
creased.  An  average  of  11%  of  the  total  decrease  in  diameter  occurred 
before  there  was  any  flow  through  the  aortic  transducer.  During 
ejection,  diameter  continued  to  decrease,  with  the  most  rapid  rate  of 
change  occurring  simultaneously  with  the  peak  flow.  Diameter  then 
increased,  rapidly  at  first,  slowly  in  mid-diastole,  and  again  rapidly 
late  in  diastole  at  the  time  of  atrial  contraction. 

Figure  2  from  the  same  record  plots  diameter  versus  integral 
flow  and  pressure.  In  every  animal  diameter  and  flow  were  approxi¬ 
mately  linearly  related  in  all  states  studied.  Since  over  a  relatively 
small  range  it  is  difficult  to  distinguish  between  linear,  square  or 
higher  power  functions,  a  statistical  analysis  of  the  diameter  versus 
flow  curve  was  performed  with  a  digital  computer  to  determine  the 
nature  of  the  relationship.  In  all  cases  a  linear  function  described 
the  relationship  to  a  high  degree  of  statistical  significance.  Al¬ 
though  addition  of  a  square  or  cubic  term  improved  the  fit  in  some 
curves,  the  linear  component  was  always  the  major  factor.  A  linear 
function  also  closely  dcsciibcd  the  diameter — flow  relationship  during 
rapid  intravenous  infusions  in  a  previous  study  (1). 

In  the  resting  animal,  the  pressure  versus  diameter  plot  formed 
a  parallelogram-like  loop  with  the  beginning  of  systole  at  the  lower 
right  hand  corner  During  the  initial  phase  of  systole .  a  large  in¬ 
crease  in  pressure  was  accompanied  by  a  small  decrease  in  diameter. 
During  most  of  ejection,  pressure  was  unchanged  while  diameter  de- 


creased  markedly.  Late  in  systole,  pressure  fell  rapidly,  while 
diameter  was  only  slightly  altered.  Durirr  diastole,  a  small  rise 
in  pressure  was  accompanied  by  a  large  inci'case  in  diameter. 

Figure  3  superimposes  the  plots  of  ach  of  the  ten  beats 
averaged  in  the  previous  two  figures.  Beat-to-leat  variations  were 
remarkably  small  despite  a  slight  sinus  arrhythmia. 

Figure  4  graphs  the  derivatives  of  diameter,  pressure,  and  flow 
along  with  the  instantaneous  values  of  each.  Diameter  changes  are 
more  rapid  during  early  diastole  than  during  ejection.  This  more 
rapid  rate  of  change  of  diameter  during  filling  was  present  in  all 
states  and  was  particularly  marked  during  isuprel  infusions. 

Tables  1  and  2  summarize  the  hemodynamic  changes  during  isopro- 
teronol  infusions  in  six  dogs  and  metaraminol  infusions  in  seven  dogs. 
Stroke  volume  did  not  change  during  administration  of  either  drug. 
Isoproteronol  was  associated  with  statistically  significant  increases 
in  heart  rate,  left  ventricular  systolic  pressure,  maximum  rate  of 
pressure  rise,  maximum  acceleration  of  blood  during  ejection,  and 
maximum  rate  of  decrease  in  diameter,  and  decreases  in  end  systolic 
and  end  diastolic  diameter  and  left  ventricular  end  diastolic  pressure. 
Metaraminol  was  associated  with  increases  in  left  ventricular  systolic  and 
diastolic  pressures  and  end  systolic  and  end  diastolic  diameters;  heart 
rate  and  acceleration  decreased.  Mctnramiuol  did  not  affect  maximum 
rate  of  rise  of  pressure  or  maxi;,;: -\  rate  of  decrease  in  diameter. 

Figure  5  plots,  from  a  single  record,  pressure  versus  diameter 
during  the  diastolic  filling  period,  starting  when  pressure  is  at  its 


minimum  value  .'in d  ending  just  before  systole.  The  curve  is  sigmoidal 
in  shape  with  a  slope  that  first  decreases  and  then  increases.  Through 
most  of  diastole  diameter  and  pressure  increase  together,  but  in  mid- 
diastole  pressure  declines  slightly,  although  diameter  is  increasing. 

The  curve  is  divided  into  three  segments:  a  period  of  elastic  recoil 
in  eariy  diastole,  when  pressure  is  markedly  negative  and  the  slope  is 
decreasing,  a  period  of  elastic  reequilibration  in  mid-diastole,  when 
pressure  declines  slightly,  and  a  period  of  elastic  opposition  in  late 
diastole,  when  the  slope  increases  and  pressure  becomes  positive. 

The  upper  half  of  Figure  6  shows  the  diastolic  pressure-diameter 
relationship  for  control,  isoproteronol  and  metaraminol  states  in 
another  dog.  In  most  animals,  isoproteronol  curves  were  to  the  left 
of  and  began  at  more  negative  values  than  the  control,  while  metaraminol 
curves  were  to  the  right  of  and  began  at  less  negative  values  than  the 
control.  As  shown  in  the  bottom  half  of  Figure  6,  when  isoproteronol 
was  infused  at  different  rates  the  curve  representing  the  faster  heart 
rate  was  shifted  to  the  left.  Wien  heart  rate  varied  by  less  than 
10  beats/min  isoprotei'onol  curves  were  nearly  superimposed. 

Mean  intrapleural  pressure  at  rest  was  -2  mm  Hg  in  the  single 
animal  in  which  it  was  measured.  There  was  no  change  in  mean  intra¬ 
pleural  pressure  during  isoproteronol  or  metaraminol  infusion. 

DISCUSSION 

Studies  with  a  variety  of  techniques  have  confirmed  that  the  left 
ventricle  ejects  blood  primarily  by  shortening  in  the  transverse  di¬ 
mension  and  that  changes  in  the  apex-to-basc  dimension  are  slight 
(5,13).  In  this  study  the  relationship  between  volume  ejected  and 
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left  ventricular  internal  transverse  diameter  was  essentially  linear 
during  control,  isoprotcronol  and  metaraminol  states  in  all  animals. 

In  a  previous  study  (1) ,  a  similar  relationship  was  demonstrated  dur¬ 
ing  volume  loading  by  rapid  intravenous  infusion  of  Tyrode's  solution. 
Because  the  linear  relationship  is  present  over  a  wide  range  of  stroke 
volumes  and  heart  rates,  this  single  dimension  measurement  is  a  reason¬ 
ably  accurate  index  of  left  ventricular  volume  changes  during  ejection. 

During  the  so-called  "isovolumic"  portion  of  systole,  when 
pressure  is  rising  but  has  net  yet  reached  the  aortic  level,  diameter 
decreased  by  an  average  of  11%  in  control  and  metaraminol  states, 
slightly  less  during  isoprotcronol,  yet  no  flow  occurred  through  the 
flow  probe  on  the  ascending  aorta.  Pieper,  using  a  catheter  tip  di¬ 
mension  gauge,  has  also  detected  a  decrease  in  internal  diameter  during 
the  isovolumic  period  (11).  Other  investigators  have  reported  increases 
in  external  diameter  o.'  circumference  (5,14),  but  these  measurements 
are  influenced  by  wall  thickening  during  the  isovolumic  period  (4). 
Possible  causes  of  the  internal  diameter  change  prior  to  ejection  are 
accumulation  of  blood  in  the  mitral  valve  region,  where  the  highly 
elastii  valves  may  bulge  toward  the  a..rium  as  the  ventricular  pressure 
exceeds  the  atrial  pressure,  or  a  segmental  contraction  pattern  with 
portions  of  the  ventricle  contracting  before  others  (12). 

I 

Isoprotcronol  induced  tachycardia,  a  decrease  in  left  ventricular 
end  diastolic  and  end  systolic  diameters,  and  a  decrease  in  left  ven¬ 
tricular  end  diastolic  pressure;  metaraminol  induced  bradycardia,  in¬ 
crease  in  end  systolic  and  end  diastolic  diameters  and  an  increase  in 


end  diastolic  pressure.  Neither  drug  appreciably  .altered  strobe 
volume  in  most  dogs.  DP/dt  and  circumferential  shortening  rate, 
measurements  commonly  cited  as  indicative  of  myocardial  contractile 
strength,  increased  with  isoproteronol  and  were  unaffected  by 
metaraminol.  Another  measurement  regarded  by  some  investigators  as 
an  index  of  contractility,  dF/dt  did  not  change  significantly  with 
isoproteronol  and  decreased  with  metaraminol. 

It  would  appear  that  the  heart  counteracts  an  increase  in 
afterload  by  increasing  end  diastolic  size  whereas  beta  adrenergic 
stimulation  is  characterized  by  production  of  the  same  stroke  volume 
from  an  end  diastolic  volume  less  than  that  of  the  control  by  means 
of  a  more  complete  contraction  and  a  smaller  end  systolic  volume. 
Whether  one  approximates  a  sphere  or  any  prolate  spheroid  to  the  left 
ventricle,  to  produce  the  same  change  in  volume  requires  a  smaller 
change  in  diameter  if  the  initial  volume  is  large  than  if  it  is  small. 
Therefore,  as  would  be  expected,  the  change  in  diameter  during  ejection 
is  less  than  the  control  during  metaraminol  infusion  but  exceeds  the 
control  during  isoproteronol  infusion. 

The  bradycardia  of  metaraminol  is  presumably  a  reflex  mechanism 
under  barorcceptor  control  and  secondary  to  the  rise  in  pressure, 
whereas  the  tachycardia  of  isoproteronol  is  due  to  beta  adrenergic: 
stimulation  of  the  sino-atrlnl  node.  The  effects  of  tachycardia  alone 
do  not  account  for  the  changes  noted  with  isoproteronol.  Unpublished 
data  in  our  laboratory,  which  correlates  with  numerous  other  studies, 
indicates  that  increasing  heart  rate  by  pacing  lowers  stroke  volume  and 
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end  diastolic  diameter  but  has  little  effect  on  end  systolic  diameter, 
and  has  less  effect  on  rates  of  change  of  pressure,  flow  or  diameter 
than  does  isoproteronol .  The  heart  not  only  empties  more  completely 
in.  less  time  during  isoproteronol  infusion;  it  also  fills  more  rapidly. 
The  more  rapid  filling  is  related  to  the  diastolic  pressure-dimension 
characteristics  of  the  heart. 

The  pressure-dimension  curves  in  Figure  5  indicate  that  the  heart 
exhibits  nonlinear  or  non-Hookcan  elastic  properties.  There  is  a  high 
degree  of  distensibility  in  response  to  relatively  small  stresses,  a 
characteristic  which,  together  with  the  sigmoid  shape  of  the  curves, 
is  shared  by  the  general  class  of  materials  known  as  elastomers,  which 
Includes  rubber.  Similar,  sigmoid  shaped,  stress-strain  curves  have 
been  reported  in  static  measurements  of  fibrillating  hearts  and  other 
hollow'  organs  such  as  urinary  bladder  (7,8). 

The  initial  portion  of  the  curve,  described  in  Figure  5  as  the 
period  of  elastic  recoil,  is  negative  in  pressure.  Ventricular  systole 
may  be  analogous  to  the  sudden  compression  of  an  inflated  rubber  ball 
to  a  volume  less  than  its  normal  unstressed  volume,  so  that  upon  release 
there  are  elastic  forces  which  tend  to  return  the  volume  to  its  un¬ 
stressed  level.  Thus  the  negative  pressures  in  early  diastole  reflect' 
this  clastic,  tendency  to  return  to  the  unstressed  volume  while  the 
higher  pressures  late  in  diastole,  the  period  of  clastic  opposition,  are 
due  to  left  ventricular  distention  by  blood  forced  into  the  chamber  by 
atrial  contraction,  this  distention  being  opposed  by  the  clastic  forces. 

The  stress  actually  exerted  on  the  left  ventricle  during  diastole 
is  not  the  intraventricular  pressure  It  rather  the  transmural  pressure. 
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Since,  an  in  the  one  animal  where  a  measurement  was  made,  the  mean 
intrapleural  pressure  is  usually  slightly  negative,  the  true  trans¬ 
mural  pressure  is  higher  at  any  instant  by  perhaps  one  or  two  mm  Hg 
than  the  measured  intraventricular  pressure.  Data  is  taken  from  beats 
averaged  over  several  respiratory  cycles;  therefore,  only  the  mean 
intrapleural  pressure  is  a  factor  and  instantaneous  changes  in  pleural 
pressure  do  not  influence  the  results.  Neither  isoproteronol  nor 
metaraminol  appreciably  altered  mean  intrapleural  pressure  in  the  dog 
with  the  intraesopageal  catheter,  and  differences  in  diastolic  stress- 
strain  patterns  during  infusions  of  these  drugs  cannot  be  accounted 
for  by  variations  in  depth  of  respiration.  The  existence  of  a  lower 
pressure  inside  than  outside  the  ventricle  during  early  diastole  is 
indisputable,  since  the  effects  of  small  variations  in  zero  levels 
or  intrapleural  pressures  arc  insufficient  to  entirely  account  for 
the  negativity  of  the  intraventricular  pressures.  Negative  diastolic 
ventricular  pressures  have  been  postulated  by  others  (16). 

The  metaraminol,  isoproteronol  and  control  curves  are  of  the 
same  general  shape  but  displaced  from  each  other  on  both  the  pressure 
and  diameter  axes.  Isoproteronol  induced  an  increased  rate  of  force 
development,  and  contraction  to  a  smaller  end  systolic  volume,  findings 
compatible  with  increased  cardiac  muscle  contractility.  With  mctarnminol- 
induced  elevation  in  the  arterial  pressure,  tnc  heart  apparently,  meets 
the  challenge  of  the  increased  aortic  input  impedance  by  shifting  up 
its  Starling  curve  to  where  increased  end  diastolic  fiber  length  re¬ 
sults  in  increased  total  force  development  and  stroke  volume  can  be 
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preserved  with  less  change  in  muscle  fiber  length  during  ejection. 

The  lateral  displacement  of  the  curves  is  probably,  at  least 
in  part,  rate  related.  Simple  elastic  elements,  linear  or  nonlinear, 
follow  identical  stress-strain  curves  whether  rapidly  or  slowly  ex¬ 
tended.  However,  systems  in  which  viscous  elements  are  also  present 
exhibit  frequency  dependence  (16).  Viscous  forces  oppose  distortion, 
so  that  the  strain  for  a  given  stress  in  a  system  with  both  visco'/.-  and 
elastic  forces  is  less  at  higher  frequencies.  Thus,  if  cardiac  viscous 
elements  are  extant,  at  a  given  pressure  increases  in  heart  rate  will 
be  associated  with  decreases  in  diameter.  Therefore,  the  shift  of  the 
curves  to  the  left  as  heart  rate  and  rate  of  muscle  shortening  increase 
suggest  that  appreciable  viscous  forces  are  present  in  the  intact  heart. 

The  slight,  transient  mid-diastolic  decrease  in  pressure,  during 
the  period  of  elastic  reequilibration,  may  represent  stress  relaxation 
or  may  be  related  to  change  in  inertial  forces.  Inertial  forces  are 
determined  by  the  mass  of  t lie  mechanical  system.  Mass  is  increasing, 
and  outward  acceleration  of  the  ventricular  walls  relatively  high,  in 
early  diastole,  but  in  mid-diastole  there  is  little  change  in  mass  and 
acceleration  is  negligible.  Inertia  initially  opposes  movement,  but 
once  the  system  is  in  motion  it  actually  assists  the  movement  and  would 
be  expected  to  pull  the  pressure-diameter  curve  upwards  in  the  late  stages 
of  the  early  diastolic  rapid  filling  period.  Because  the  inertial 
forces  are  suddenly  dissipated  in  mid-diastole,  some  or  all  of  the  small 
decrease  in  pressure  may  be  due  to  a  realignment  of  the  stress-strain 
relationship  with  the  clastic  forces,  which  are  the  predominant  factors 
during  n  period  of  relatively  small  rate  of  change. 
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The  smaller  end  systolic  dimension  during  isoproterenol  infusion 
is  advantageous  to  the  heart  in  filling  adequately,  despite  tachy¬ 
cardia.  During  early  diastole,  when  most  filling  occurs,  the  trans- 
mitral  valve  pressure  gradient  is  augmented,  due  to  substantial 
assistance  from  elastic  forces  which  arc  directed  toward  enlarging 
the  ventricle.  With  metaraminol,  because  of  the  less  complete  systolic 
contraction,  there  is  less  benefit  from  elastic  forces  in  early  diastole 
and  the  heart  must  distend  against  greater  elastic  opposition  forces 
in  late  diastole.  However,  in  the  early  portion  of  ejection  these  same 
elastic  forces  aid  contraction,  although  this  is  offset  by  increased 
inertia  due  to  the  greater  end-diastolic  blood  mass.  Indeed,  since 
inertia  initially  opposes  ejection  of  blood,  the  decreased  dF/dt  with 
metaraminol  may  be  related  primarily  to  the  increased  mass  of  the 
system  rather  than  to  a  decrement  in  myocardial  contractile  force. 
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TABLE  1.  Bestodynanic  effects  of  Isoproterenol 
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Figure  1.  Digital  computer  plot  of  left  ventricular  diameter, 
aortic  instantaneous  and  integral  flow  and  left  ventricular  press¬ 
ure  averaging  10  consecutive  beats  in  a  conscious,  resting  animal. 
Figure  2.  Digital  computer  plots  of  left  ventricular  pressure 
versus  left  ventricular  internal  diameter  and  integral  aortic  flow 
versus  left  ventricular  diameter  averaging  the  same  10  beats  shown  in 
Figure  1. 

Figure  3.  Overlay  of  the  10  consecutive  beats  averaged  in  Figure 
1  and  2. 

Figure  4.  Solid  lines  are  from  top  to  bottom,  left  ventricular 
diameter,  left  ventricular  pressure  and  aortic  flow.  Dots  are  the 
derivatives  of  the  corresponding  parameter.  Data  is  from  10  averaged 
beats. 

Figure  5.  Pressure  versus  diameter  during  the  diastolic  filling 
period  in  n  conscious  dog  using  avorngo  of  10  consocutivo  boats.  Tho 
vertical  broken  linos  divide  the  curvo  into  threo  segmonts:  to  tho 
loft  is  the  period  of  olastic  recoil,  in  the  center  is  the  period  of 
clastic  roequilibration  and  to  tho  right  is  tho  period  of  elastic 
opposition. 

Figure  G.  Top  shows  diastolic  pressure  -  diamotor  plot  for  control 
isoproterenol  and  metaraalnol  states.  Bottom  shows  same  parameters 
at  two  different  isoproterenol  infusion  rates. 
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ABSTRACT 

BISHOP,  VERNON  S.,  AND  LAWRKNCE  D.  110RWITZ.  Efforts  of  altered 
autonomic  control  on  loft  ventricular  function  in  conscious  dogs. 

Am.  J.  Physiol.  In  8  conscious  dogs,  effects  of  beta-adrenergic, 
vagal,  and  combined  bcta-adrenergic  and  vagal  blockage  on  left  ven¬ 
tricular  internal  diameter,  pressure,  and  outflow  were  measured 
at  rest  and  during  acute  volume  loading.  At  rest ,  beta-adrenergic 
blockage  resulted  in  a  decrease  in  heart  rate  with  no  change  in 
stroke  volume  but  increased  end  diastolic  and  end  systolic  diameters, 
whereas  vagal  blockage  resulted  in  an  elevated  heart  rate  with  re¬ 
ductions  in  stroke  volume,  end  diastolic  and  end  systolic  diameters. 
Combined  blockage,  at  rest,  was  associated  with  elevations  in  heart 
rate,  diminished  stroke  vojume,  and  increases  in  end  diastolic  and 
end  systolic  diameters.  During  acute  volume  loading,  beta-adrenergic 
blockage  reduced  peak  heart  rate  and  stroke  volume,  and  elevated  end 
systolic  diameter,  whereas  vagal  blockage,  despite  an  elevated 
heart  rate,  did  cot  alter  peak  stroke  volume  and  reduced  end  dia¬ 
stolic  diameter.  The  response  to  acute  volume  loading  in  combined 
blockage  was  characterised  by  reduction  in  peak  stroke  volume  and 
end  diastolic  diameter.  Stroke  volume  was  found  to  be  dependent  not 
only  on  the  initial  fiber  length  but  also  on  the  sympotlictic  innerva¬ 
tion.  This  was  demonstrated  by  the  increase  in  end  systolic  diameter 
following  beta-adrenergic  blockage. 

vagal  blockage 


left  ventricular  function 
beta-adrenergic  blockage 


left  ventricular  diameter 


The  autonomic  nervous  system  is  an  important  fartor  in  the 
regulation  of  cardiac  performance.  However,  the  manner  in  which 
autonomic  activity  affects  the  cardiac  reserve  and  the  hemodynamic 
mechanisms  utilized  in  response  to  stress  has  not  been  extensively 
studied.  Information  has  been  particularly  sparse  concerning  the 
influence  of  autonomic  activity  on  dynamic  left  ventricular  dimen¬ 
sions  when  the  heart  is  under  stress. 

An  estimation  of  cardiac  reserve  in  conscious  animals  can  be 
obtained  by  determination  of  ventricular  output  curves  by  rapid  in¬ 
travenous  infusions  of  isotonic  solution  until  a  maximum  cardiac 
output  is  reached  (2,  11).  By  this  means,  cardiac  performance  can 
be  reproducibly  measured  in  a  controlled  laboratory  setting  by 
measuring  stroke  volume,  heart  rate  and  other  pertinent  parameters 
as  a  function  of  the  increased  filling  pressure.  Recently,  an  ultra¬ 
sonic,  technique  has  been  described  for  continuous  measurement  of 
left  ventricular  internal,  transverse  diameter  in  conscious  dogs  (7). 
The  diameter  measurement  has  proven  to  be  an  accurate  index  of  left 
ventricular  volume  (1).  To  investigate  the  cardiac  response  to 
alterations  autonomic  innervation  during  tho  stress  of  acuta 
voiurce  loading,  left  ventricular  diameter,  pressure,  stroke  volume 
and  heart  rata  were  measured  in  conscious  dogs  under  conditions  of 
normal  autonomic  control,  beta-adrenergic  blockage,  vagal  blockage, 
and  tho  combination  ef  beta-aorencrgic  and  vagal  blockage,  while 
ventricular  output  curves  were  performed. 
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METHODS 

Instrumentation  and  Measurement  of  Variables 

In  8  adult  mongrel  dogs,  weighing  18-21  kg,  sterile  thor-  ■  otomies 
were  performed  under  methoxyfluorane  anesthesia.  Two  sonomic  *on.eter 
transducers  were  implanted  on  the  endocardial  surface  of  the  anterior 
and  posterior  left  ventricular  wall  usinp  the  technique  described  by 
Horwitz,  et  al  (7).  This  was  a  closed  h'  art  technique  which  required 
a  single  stab  wound  through  the  anterior  wall.  With  correct  implan¬ 
tation  the  transducers  were  in  a  plane  perpendicular  to  the  longi¬ 
tudinal  (apex-to-base)  axis  of  the  left  ventricle. 

Through  a  second  stab  wound  near  the  apex,  a  Whittaker  #1017 
solid  state  pressure  transducer  was  implanted  within  the  left  ven¬ 
tricle.  An  electromagnetic  flow  probe  was  placed  around  the  ascend¬ 
ing  aorta,  an  18  gauge  polyvinyl  catheter  was  placed  in  the  left 
atrial  appendage,  and  a  9  gauge  polyvinyl  catheter  was  placed  in 
the  left  jugular  vein.  The  electrical  leads  and  catheters  were 
exteriorized  at  the  back  of  the  neck.  Ail  animals  were  allowed  two 
weeks  to  recover  from  the  effects  of  surgery  before  experiments  were 
begun.  When  studied  they  could  exercise  normally,  and  no  electrocardio¬ 
graphic  abnormalities  were  present. 

k  sonomicromctor  was  used  to  continuously  measure  left  ventri¬ 
cular  Internal  diameter  (7,  1).  By  shock  exciting  one  of  the  pic- 
soelectric  crystal  transducers,  bursts  of  S  mHz  ultrasound  were 
generated.  The  trensien:  time  for  the  ultrasound  to  traverse  Liu 
distance  between  the  two  crystals  was  recorded.  These  readings  were 
• 


convertible  to  distance,  since  the  velocity  of  ultrasound  ir.  blood 
3 

(1.5  x  10  m/sec)  is  l noun. 

A  Medicon  K2000  flowmeter  was  used  to  detect  aortic  flow.  The 
flow  probes  were  calibrated  in^  vitro  before  implantation  and  re- 
chccked  after  the  animals  were  sacrificed.  In  all  cases  the  two 
calibrations  agreed  within  5%.  The  signal  in  late  diastole  was 
assumed  to  represent  zero  flow. 

A  previously  calibrated  Whittaker  //1017  solid  state  pressure 
transducer  was  implanted  near  the  apex  of  the  left  ventricle.  The 
calibrations  were  confirmed  in  vivo  with  a  Dallcns  Telco  catheter. 
The  calibrations  did  not  change  but  the  zero  baseline  drifted  from 
day  to  day.  It  was  found  that  the  mean  left  atrial  pressure  was 
always  within  1  mmllg  of  the  measured  left  ventricular  end  diastolic 
pressure;  agreement  within  0.2  iranHg  has  been  reported  by  others  (4), 
Therefore,  the  zero  baseline  was  corrected  by  adjusting  the  left 
ventricular  end  diastolic  pressure  to  equal  the  mean  left  atrial 
pressure  at  rest. 

Mean  arterial  pressures  were  recorded  either  by  a  percutaneous 
puncture  of  the  right,  femoral  artery  or  through  a  catheter  implanted 
in  the  left  internal  mammary  artery.  Pressures  were  measured  with 
Statham  P23Db  strain  gauges;  with  the  animals  lying  on  their  right 
sides,  the  midline  of  the  sternum  was  the  zero  reference.  Electro¬ 
cardiograms  were  recorded  with  subcutaneous  needle  electrodes. 

All  signals  were  inscribed  on  a  Type  R  Beckman  Oscillographic 
recorder  (Fir;.  1)  and  on  Ampex  FR1300  magnetic  tane  recorder.  Tapes 


were  analyzed. with  a  fhi.lco  3000  digital  computer  after  analoguo-to- 
digital  conversion.  Lefr  ventricular  diameter*  aortic  flow*  and  the 
integral  of  the  aortic  flow  wert  examined  as  a  function  of  the  R-R 
interval  of  the  electrocardiogram.  Integrated  aortic  flow  and 
left  ventricular  pressure  were  computed  as  a  function  of  left  ven¬ 
tricular  diameter.  To  improve  the  Sfgnal-fco-noisa  ratio  and  to  pre¬ 
vent  ..bias  in  beat  selection,  ten  consecutive  beats  were  .averaged. 

The  son omic remeter  and  the  flowmeter  both  were  found  to  have 
phase  lags  of  4G°  at  20  Hz.  The  lag  in  the  pressure  record  was 
assumed  to  be  negligible,  based  on  its  electronic  characteristics.. 
Therefore,  the  three  measurements  could  be  compared  in  time  since 
the  lag  in  the  dimension  and  flow  measurements  was  less  than  the 
sampling  interval  of  the  computer  (0.008  seconds). 

Experimental  Conditions 

Control  experiments.  Resting  measurements  were  obtained  while 
the  animal  was  lying  quietly  on  its  right  side,  unsedated  and  lightly 
restrained.  Following  these  measurements,  ventricular  outphe  curves 
were  determined  by  rapidly  infusing  the  animals  with  Tyrode's  solu¬ 
tion  through  the  left  jugular  vein  catheter  (2,  11).  A  pressure 
bottle  was  used  to  adjust  the  rate  of  infusion  so  that  a  steady  rise 
in  left  atrial  and  left  ventricular  end  diastolic  pressure  occurred. 
Infusions  were  administered  for  3-6  minutes  and  were  maintained  until 
the  cardiac  output  reached  a  constant  level,  while  the  left  atrial  and 
left  ventricular  end  diastolic  pressure  continued  to  rise.  At  least 
two  days  of  rest  were  allowed  after  each  control  or  experimental  in¬ 
fusion. 


160. 

Bet u-ndrono rgl c  hi ockngo. .  Propranolol  (0.5  mg/kg  -  1.0  mg/kg) 
was  given  -inf  ravenously.  In  unpublished  tests,  we  found  that  these 
dosages  were  required  to  eliminate  the  chronotropic  and  inotropic 
response  to  isoproterenol  in  the  conscious  dog.  Similar  doses  have 
been  required  in  isolated  preparations  (3).  Twenty  minutes  after 
administration  of  propranolol  measurements  ware  obtained,  followed  by 
the  determination  of  a  ventricular  output  curve.  A  control  curve 
was  usually  obtained  three  days  after  beta-adrenergic  blockage. 

Vagal  blockage.  Acute,  reversible,  blockage  was  performed  by 
freezing  the  right  vago-sympathetic  nerve  after  the  left  vago-sympathetic 
nerve  had  been  cut  (12).  After  sections  1  and  2  were  completed,  a 
stainless  steel  (  -•il  was  placed  around  the  right  vago-sympathetic 
nerve  under  sodium  pentobarbital  anesthesia.  The  right  vago-sympathetic 
nerve  was  temporarily  blocked  during  studies  by  infusing  refrigerated 
alcohol  (approximately  15°C)  through  the  coil. 

Combination  of  beta-adrenergic  and  vagal,  blockage.  This  was  per¬ 
formed  after  a  series  of  control,  beta  block,  and  vagal  block  studies 
had  been  completed.  Twenty  minutes  after  an  intravenous  infusion  of 
propranolol,  the  vagus  was  cold  blocked.  Immediate  resting  and  ven¬ 
tricular  output  curve  measurements  were  made. 

RESULTS 

Effe ct s  of  Autonomic  Intervention  on  Resting  Hemodynamics 

Beta-adrenergic  blockage  at  rest.  Eight  animals  were  studied. 

As  shown  in  Tables  1  end  ",  blockage  with  propranolol  resulted  in 
significant  increases  in  the  end  diastolic  diameter  (EDD) ,  end  systolic 
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diameter  (USD)  ,  and  left  ventricular  end  diastolic  pressure  (LVKDP)  . 

The  mean  increase  in  ESD  (1.6  mm)  was  nearly  twice  ns  large  as  the 
increase  in.  EDI)  (0.9  mm).  Small,  but  statistically  significant  de¬ 
creases  occurred  in  cardiac  output  (-11  cc/min-kg)  and  stroke 
volume  (-0.06  cc/kg-beat).  Heart  rate  and  left  ventricular  peak 
systolic  pressure  were  not  significantly  altered. 

Vagal  blockage  at  rest.  Six  animals  were  studied.  Cold  block¬ 
age  of  the  vagus  (Tables  1  and  2)  increased  mean  heart  rate  by  83 
beats/min.  EDD  decreased  by  2.2  mm,  ESD  decreased  by  2.5  mm,  and 
stroke  volume  decreased  by  0.40  cc/kg-beat.  LVEDP  decreased  sig¬ 
nificantly.  The  slightly  increased  control  resting  heart  rates  be¬ 
fore  vagal  blockage  may  have  reflected  increased  excitement  from 
proximity  of  the  cooling  unit  or  minimally  decreased  vagal  tone  be¬ 
cause  one  vago-sympathetic  nerve  was  cut.  The  appetites  and  general 
state  of  health  of  the  animals  were  unimpaired. 

Beta-adrenergic  and  vagal  blockage  at  rest.  Five  animals  were 
studied.  The  combined  blockage  of  the  beta-adrenergic  receptors 
and  the  vago-sympathetic  nerve  (Tables  1  and  2)  resulted  in  a  signi¬ 
ficant  increase  in  mean  heart  rate  and  EDD,  and  a  significant  decrease 
in  stroke  volume.  Changes  in  ESD  and  pressure,  were  variable.  In 
most  cases  the  diameter  increased,  with  the  increase  in  ESD  exceeding 
the  increase  in  F.DD. 

Response  to  Acute  Volume  Loading 

The  mean  measurements  at  rest  and  at  the  plateau  of  the  ventricular 
output  curves  are  shown  in  Table  1.  The  plateau  measurements  were  obtained 
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vlit  !i  fm  iii  r  .i nr  ream  in  fi  11  in}’  pressure  (l.VKTH’)  clifl  net  result 
in  furl  tier  in nvment  s  in  heart  rate  or  stroke  volume.  Infusions 
per formeii  vilhonl  autonomic  blockage  resulted  in  approximately  a 
ilouM.ii)”  of  heart  vale,  a  50%  increase  in  stroke  volume,  an  8%  in¬ 
crease  .in  11  PI) ,  a  37  increase  in  KOI),  and  a  66%  increase  in  left. 
venL  rirnlar  systolic  p  res  sure .  The.  differences  between  the  plateau 
values  during  control  ventricular  output  curves  and  curves  performed 
during  autonomic  blockage  are  shown  in  Table  3. 

Effect  of  beta-adrenergic  blockage  on  the  left  ventricular 
response  to  acute  volume  loading.  Infusion  of  beta-blocked  dogs , 
as  in  the  normally  innervated  state,  resulted  in  increases  in  heart 
rate,  stroke  volume,  EDI),  EOT)  and  systolic  pressure.  However,  com¬ 
parison  of  the  result ivat  the.  plateau  of  the  ventricular  output 
curves  with  those  in  infusions  without  autonomic  blockage,  demon¬ 
strated  significant  differences  in  the  degree  of  the  increment  in 
several  of  these  parameters.  The  mean  increment  in  stroke  volume 
was  reduced  by  15%  (0,?.  cc/kg-heat)  ,  the  increment  in  heart  rate 
was  reduced  by  34%  (24  beat  s/mi n) ,  and  the  increment  in  E5D  was  in¬ 
creased  by  7%  (2.0  mm)  during  beta-adrenergic  blockade.  The  incre¬ 
ments  in  EDI)  and  systolic  pressure  were  not  significantly  changed. 

The  increment  in  cor’ine  output  was  decreased  by  48%  (86  cc/min-kg)  . 

Effect  of  vagal  blockage  cm  the  left  ventricular  response  to 
acute  volume  loading.  The  resting  heart:  rate  after  vagal  blockage  war. 
extremely  high  end  there  was  no  further  significant  increase  In  heart 
rate  during  infusion;  stroke  volume,  EDI),  EM)  and  left  ventricular 


systolic  pressure  did  Increase  in  response  to  the  volume  load.  Com¬ 
parison  of  the  variables  at  the  plateau  with  infusions  In  which 
there  was  no  autonomic  blockage  showed  significant  reductions  in 
the  increments  in  stroke  volume  and  EDI)  but  no  difference  in  ESD. 

The  heart  rate,  cardiac  output  and  left  ventricular  systolic  pressure 
were  higher  at  the  plateau  of  the  vagal  blocked  ventricular  output 
curves  than  in  any  of  the  other  states. 

Effects  of  beta-odrcnergic  blockage  and  vagal  b lockage  on  the 
left  ventricular  response  to  acute  volume  loading.  The  resting 
heart  rate  after  combined  blockage  was  relatively  high  but  rose 
significantly  during  the  infusion.  Stroke  volume,  EDD,  ESD  and 
systolic  pressure  also  increased.  At  the  plateau  the  increments  in 
stroke  volume  (-0.4  cc/min-kg)  and  EDD  (-1.4  mm)  were  significantly 
reduced,  however,  whereas  the  increments  in  ESD  and  heart  rate  were 
not  significantly  changed  from  the  results  in  the  curves  without 
autonomic  blockage.  The  increment  in  cardiac  output  was  signifi¬ 
cantly  reduced  (-69  cc/min-kg) . 

DISCUSSION 

In  the  resting,  conscious  canine,  beta-adrenergic  blockage  with 
propranolol  consistently  increased  end  diastolic  and  end  systolic 
loft  ventricular  diameter.  These  increases  in  diameter  were  not  due 
to  changes  in  ofterload  or  heart  rate.  Systemic  arterial  pressure 
was  usually  not  altered,  and  in  some  animals,  particularly  if  the 
initial  heart  rote  was  slow,  propranolol  increased  end  diastolic 
and  end  systolic  diameter  without  altering  heart  rate.  Studies  of 


ervct  human  subject,  s  have  previously  demonstrated, increased  cardiac 
dimension.';  wJ th  boCa-adrcnergtc  blockage  (5). 

When  control  ventricular  output  curves,  without  autonomic 
blockage,  were  performed,  the  maximum  stroke  volume  was  attained 
through  a  substantial  increment  in  end  diastolic  diameter  and  a  con¬ 
siderably  smaller  increment  in  end  systolic  diameter.  Since  the 
maximum  end  diastolic  diameter  with  propranolol  was  approximately 
the  same  as  occurred  during  control  ventricular  output  curves,  the 
reduction  in  maximum  stroke  volume  was  due  solely  to  an  increased 
increment  in  the  end  systolic  diameter.  Sympathetic  stimulation 
increases  the  maximum  velocity  of  cardiac  muscle  fiber  shortening 
and  the  extent  of  shortening  in  papillary  muscle  preparations  (10). 
Therefore,  it  is  likely  that  the  increased  stroke  volume  during 
acute  volume  loading  in  the  presence-  of  normal  autonomic  innerva¬ 
tion  is  dependent  upon  sympathetic  discharge,  whereas  beta-adrenergic 
blockage  decreases  the  maximum  stroke  volume  by  limiting  extent  of 
fiber  shortening,  ns  reflected  by  the  elevated  end  systolic  left 
ventricular  diameter.  It  has  been  suggested  that  propranolol  de¬ 
presses  the  heart  independently  of  its  blockage  of  beta-adrenergic 
receptors  (8).  However,  a  more  recent  study  concluded  that  nor¬ 
epinephrine  increases  the  rate  of  ionic  calcium  influx  into  the 
sarcoplasmic  reticulum  while  increasing  the  maximum  rate  of  shorten¬ 
ing  (9).  Therefore,  propranolol,  in  the  dosages  employed  in  this 
investigation,  reduces  contractility  through  blockage  of  beta- 
adrenergic  receptors. 
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At  lost,  vagal  blockage  resulted  in  a  large  increase  in  heart 
rate  wi  tli  simultaneous  decreases  in  stroke  volume,  left  ventricular 
end  diastolic  pressure,  and  left  ventricular  end  diastolic  and  end 
systolic  diameter.  At  the  peak  of  the  ventricular  output  curves, 
vagal  blockage  did  not  reduce  stroke  volume  despite  the  tachycardia 
and  a  significant  reduction  in  maximum  erd  diastolic  diameter.  Al¬ 
though  volume  loading  increased  left  ventricular  filling  pressure, 
the  high  heart  rate  with  vagal  blockage  may  have  limited  diastolic 
filling.  However,  with  sympathetic  innervation  unimpaired,  vagal 
blockage  resulted  in  ejection  of  a  normal  stroke  volume  through 
greater  cardiac  muscle  fiber  shortening,  as  indicated  by  the  reduc¬ 
tion  in  peak  end  systolic  diameter  in  most  animals. 

When  vagal  and  beta-adrenergic  blockage  were  combined,  resting 
heart  rate  was  high,  but  there  was  not  a  decrease  in  cardiac  size 
as  occurred  with  vagal  blockage  alone.  Instead,  the  tachycardia 
was  accompanied  by  an  increase  in  end  diastolic  and  end  systolic 
left  ventricular  diameter,  a  dimension  change  which  resembled  the 
testing  response  to  beta-adrenergic  blockage  alone.  At  the  peal;  of 
the.  ventricular  output  curves,  the  response  resembled  that  of  beta- 
adrenergic  blockage  alone  in  that  maximum  stroke  volume  and  heart 
rate  were  usual’y  reduced  and  end  systolic  diameter  usually  slightly 
increased  as  compared  with  the  control  curves.  Maximum  end  diastolic 
diameter  was  significantly  decreased,  as  occurred  with  vagal  block¬ 
age  alone. 

It  is  apparent  that  abolition  of  sympathetic  innervation,  whether 


or  not  vagal  activity  is  present,  impairs  the  stroke  volume  response 
to  volume  loading  by  decreasing  the  extent  of  cardiac  muscle  fiber 
shortening.  This  is  reflected  by  greater  increments  in  end  systolic 
than  end  diastolic  diameter  during  ventricular  output  curves  performed 
after  administration  of  propranolol,  with  or  without  the  addition  of 
freezing  of  the  vago-sympathetic  nerve.  However,  when  sympathetic 
innervation  is  intact  the  ability  of  the  cardiac  muscle  fibers  to 
shorten  substantially  is  preserved,  even  at  high  heart  rates.  Thus 
maximum  cardiac  output  was  increased  during  vagal  blockage  because 
the  marked  augmentation  of  heart  rate  did  not  prevent  ejection  of 
the  same  maximum  stroke  volume  as  was  attained  during  control  ven¬ 
tricular  output  curves.  In  vigorous  exercise,  when  sympathetic 
activity  was  presumably  greater  than  in  acute  volume  loading,  we 
have  found  comparable  stroke  volumes  at  much  higher  heart  rates  (6). 
There -appeared  to  be  a  tendency  for  end  diastolic  cardiac  siste  to 
be  limited  by  high  heart  rates.  The  decreased  end  diastolic  diameter 
with  vagal  blockage  can  be  explained  on  this  basis.  It  is  more  diffi¬ 
cult  to  understand  the  reduced  end  diastolic  diameter  during  volume 
loading  with  combined  blockage,  when  the  peak  heart  rate  was  less 
than  the  control  level,  although  in  oxcess  of  that  with  beta-adren- 
erglc  blockage  alone.  It  is  possible  that  absence  of  bet a- adrenergic 
stimulation  hampered  diastolic  filling  at  somewhat  lover  heart  rates 
than  wan  the  case  when  autononic  Innervation  was  Intact.  The  relatively 
high  routing  heart  rate  In  combined  blockage  may  have  contributed  to  the 
lack  of  diastolic  distention  of  the  vcntrlcla  during  infusion  if  thole 
was ‘a  slower  rate  of  filling  due  to  lack  of  bcta-adrcncrgic  stimulation. 


Table  2 

Changes  Resulting  From  Autonomic  Blockage  at  Rest 


symbols  same  as  on  previous  tables 
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The  instantaneous  hemodynamic  effects  of  intravenous  nitroglycerin 
(25  Aig/kg)  Qnd  amyl  nitrite  inhalation  were  compared  in  seven  conscious 
mongrel  dogs  two  weeks  or  more  after  implantation  of  electromagnetic  flow 
probes  around  the  ascending  aorta  and  the  insertion  of  polyvinyl  catheters 
into  the  right  atrium,  left  atrium  and  ascending  aorta.  The  hemodynamic 
effects  of  the  two  drugs  were  identical.  The  decrease  In  mean  arterial 
pressure,  stroke  volume,  and  mean  atrial  pressures  and  the  increase  in  heart 
rate  and  cardiac  output  were  all  statistically  significant. 

In  two  conscious  dogs  continuous  measurements  of  transverse  inter¬ 
nal  left  ventricular  diameter  were  recorded  by  a  sonomicrometer  before  and 
during  drug  administration.  The  end-diastolic  diameter,  the  end-systolic 
diameter  and  the  stroke  excursion  (cnd-diastolic  minus  end-systolic  dia¬ 
meter)  decreased  from  control  values  with  both  nitroglycerin  and  amyl  ni¬ 
trite.  (p40.05). 

In  two  dogs  the  heart  rate  was  controlled  by  a  right  atrial  bipolar 
pacemaker  catheter  and  the  experiment  was  repeated  on  four  occasions  with 
each  drug.  With  the  heart  rate  controlled  at  210  beats/ minute,  both  nitro¬ 
glycerin  and  amyl  nitrite  produced  an  increment  rathor  than  a  decrease  in 
stroke  volume,  and  an  increase  in  stroke  excursion,  despite  a  decrease  in 
end  diastolic  diameter. 


Abstract  (Cont'd.) 


This  study  indicates  tha;  rapidly  administered  amy!  nitrite  and  nitro¬ 
glycerin  produce  identical  hemodynamic  changes , which  result  from  vasodili- 
tation  of  resistance  and  capitance  vessels  and  the  baroreceptor  reflex  response 
to  a  sudden  decrease  in  mean  arterial  pressure. 


Introduction 


Despite  the  widespread  use  of  nitroglycerin  and  amyl  nitrite  as  thera¬ 
peutic  agents  in  the  treatment  of  angina  pectoris  and  the  frequent  use  of  amyl 
nitrite  inhalation  for  evaluating  cardiac  murmurs,  considerable  controversy  ex¬ 
ists  concerning  the  mechanism  of  action  of  these  two  pharmacologic  agents 
(Honlg  ct  al,  I960;  Mason  and  Braunwald,  1965;  Sharpey-Schafcr  and  Gins¬ 
berg,  1962;  Kotetal,  1967;  Bernstein,  eta!,  1966,  and  Perloff  ctal,  19^3). 

Much  of  the  confusion  concerning  the  effect  of  these  drugs  on  the  capacitance 
and  resistance  vessels  and  on  cardiac  output  is  due  to  the  fact  that  these  drugs 
are  often  compared  in  the  same  patient  or  in  h  e  same  experimental  animal  when 
given  at  different  rates  and  by  different  route,  f  administration. 

in  the  present  study,  the  hemodynamic  effects  of  amyl  nitrite  inhalation 
and  intravenous  nitroglycerin  were  compared  for  the  first  time  in  the  conscious 
dog  during  continuous  monitoring  of  cardiac  output,  heart  rale,  mean  arterial 
pressure,  atrial  filling  ptessures  and  left  ventricular  internal  diameter. 

Methods 

Seven  mongrel  dogs,  8  to  16  kilograms  in  weight,  were  selected  for  this 
study.  At  the  time  of  thoracotomy,  an  electromagnetic  flow  probe  was  placed 
around  the  root  of  the  ascending  aorta  and  ^18  polyvinyl  catheters  were  positioned 
in  the  left  atrium  through  the  left  atrial  appondege  and  in  the  right  atrium  though 
the  right  jugular  vein.  A  third  polyvinyl  catheter  was  positioned  in  the  ascending 
oorto  through  on  internal  thoracic  artery.  Flow  probe  leads  and  catheters  were 
exteriorized  at  the  nape  of  the  neck. 


Methods  (Cont'd.) 


During  the  same  operation,  two  of  these  animals  hed  sonomicromelor 
transducers  implanlcd  on  the  left  ventricular  endocardium  using  the  technique- 
described  by  Horwitz  and  associates  (1968).  A  needle  carrying  one  transducer 
was  thrust  through  a  stab  incision  -  .ade  in  the  anterior  wall  of  the  left  ventricle. 

The  wires  of  this  transducer  were  pulled  through  the  posterior  wall  until  the  trans¬ 
ducer  lay  flat  against  the  posterior  endocardial  surface.  A  second  transducer  was 
then  pushed  through  the  same  incision  and  positioned  against  the  anterior  inner 
surface  of  the  ventricle.  With  practice,  transducers  could  be  implanted  in  a 
plane  perpendicular  to  the  longitudinal  axis  of  the  left  ventricle  and  across  its 
greatest  internal  diameter. 

All  animals  could  exercise  normally  within  two  weeks  after  surgery  and 
appeared  to  be  in  good  health.  None  showed  any  myocardial  damege  on  post 
mortem  examination.  Details  on  the  instrumentation,  its  calibration  and  the  core 
of  these  animals  has  been  previously  reported  (Bishop  et  ol,  1965;  Horwitz  ct  ol, 
1968;  and  O’Rourke,  et  ol,  1969). 

In  all  seven  conscious  animals,  mcon  cordicc  output  wes  measured  with 
an  electromagnetic  flowmeter  (Biotronic,  Model  BL-610).  Flow  probes  were  cali¬ 
brated  in  vitro  using  dialysis  tubing  before  implantation  and  the  calibration  was 
checked  when  the  animals  were  sacrificed,  late  diastolic  flow  was  assumed  to  be 
zero. 

Mcon  arterial  pressure  was  obtained  by  the  polyvinyl  catheter  previously 
placed  in  the  aorta  or  bv  percutaneous  insertion  of  a  needle  info  tire  femoral  artery 
Both  arterial  pressures  and  mean  atrial  pressures  were  measured  with  stain  gau^c 
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mc.:io;nefcii  (Stuthc.n  P23  Db  and  P23  Cb);  the  sterna!  midlinc  (with  the  dog 
lyorrg  on  h!$  right  side)  was  the  zero  reference.  Electrocardiograms  were  re¬ 
corded  with  subcutaneous  needle  electrodes  over  the  sternum.  The  heart  rate 
was  continuously  monitored  by  a  cardiotachcmcter.  All  measurements  were  re¬ 
corded  on  a  polygraph  (Offner  Type  R).  Stroke  volume  was  obtained  by  divid¬ 
ing  the  moan  cardiac  output  by  the  instantaneous  heart  ratu  and  was  checked 
by  planimefric  integration  of  the  aortic  flow  velocity  curve. 

After  obtaining  control  records  with  the  animal  lying  quietly  on  the 
laboratory  table,  amyl  nitrite  (5  minim  ampules)  was  administered  by  inhalation 
or  nitroglycerin  (25  pg/ks))  wa*  given  Introvencusly  over  a  fifteen  second  interval. 

The  administration  of  these  drugs  were  alternated  whenever  possible.  Before  giving 
each  drug,  hemodynamic  parameters  were  allowed  to  return  to  control  values.  The 
time  interval  between  experiments  was  30  to  60  minutes  and  the  number  of  experi¬ 
ments  performed  on  any  given  animal  during  one  setting  was  dependant  upon  the 
stability  of  control  hemodynamic  parameters.  If  an  animal  became  anxious  following 
the  administration  of  amyl  nitrite  and  nitroglycerin,  no  furthor  dnrg;  were  administered 
on  that  day.  No  t<  leranco  to  either  amyl  nitrite  or  nitroglycerin  administration  was 
observed  in  ony  animal . 

(n  two  of  these  seven  unancsthetizud  animals  continuous  transverse  internal 
diameter  of  the  loft  ventricle  was  recorded  by  the  sonomicromcfer  transducers  which 
hod  been  implanted  on  the  endocardia!  surface.  The  transducers  are  two  piezo-electric 
crystals;  one  crystal  is  shock  excited  at  a  high  repetition  rate  ^COO/sec)  end  tne  lime 
required  for  each  ultrasonic  burst  to  pass  from  one  crystal  to  the  other  is  convv.tod 
into  o  voltage  suitable  for  recording  ,  Resolution  is  high  and  drift  is  negligible. 


Methods  (Coat'd.) 


Readings  con  be  converted  to  distance  because  the  velocity  of  ultrasound  in 
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blood  is  known  (1.5  x  10  m/scc). 

In  the  two  dogs  with  implanted  left  ventricular  sonomicrornefcr  crystals, 
o  bipolar  pacemaker  catheter  was  insc  fed  Into  the  right  atrium  through  the  poly¬ 
vinyl  catheter  in  the  right  jugular  vein.  The  heart  rate  was  kept  constant  (210 
beats/mir'  ),  before  and  after  the  administration  of  amyl  nitrite  and  nitroglycerin 
to  each  dog  on  two  occasions. 

Results 

Hemodynamics 

Table  1  summarizes  the  hemodynamic  data  obtained  before  and  curing  the 
peak  effect  of  amyl  nitrite  inhalation  and  Intravenous  nitroglycerin  (35  experi¬ 
ments  with  each  agent).  The  experimental  doto  shown  in  Table  1  were  obtained  at 
the  time  of  maximal  decrease  in  mean  arterial  pressure  following  amyl  nitrite  or  nitro¬ 
glycerin  administration  in  the  experiments  in  which  the  heert  rate  was  allowed  to  very 
freely. 

There  was  a  significant  increase  in  cardiac  output  and  cardiac  i  ’.x 
(expressed  in  ml/min  par  kg.  of  body  weight)  with  both  amyl  nitrite  and  nitro¬ 
glycerin  administration.  In  individual  experiments  the  increase  in  cordioc  output 
was  greatest  when  there  was  a  rapid  and  marked  decrease  in  mean  arterial  pressure. 
This  incicosa  in  cordioc  output  duett  g  the  administration  of  both  agents  was  due  to 

a  marked  increase  in  heert  rate  and  occurred  despite  a  significant  reduction  in 
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tfroka  volume. 
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Hemodynn.,;)  **.  (Coni'  1.) 

The  maxima!  decrease  in  arkrial  pressure  usual!/  occurred  between  30 
and  45  seconds  after  the  initiation  of  amyl  nitrite  inhalation,  and  15  to  20 
seconds  foilov/ng  the  intravenous  administration  of  nitroglycerin.  The  mecn 
arterial  pressure  in  these  unanest'neli/ed  animals  returned  to  control  values  with 
both  egenk  within  five  minutes.  There  was  no  overshoot.  This  is  also  true  for  the 
cardiac  output,  stroke  volume  and  heart  rate. 

On  severaf  occas  ions  the  effect  of  amyl  nitrite  on  arterial  pressure  was 
Jelayed  because  of  the  conscious  animal's  reluctance  tc  inhale  this  egent.  In 
these  experiments  there  was  an  actual  decrease  In  cardiac  output  end  no  signi¬ 
ficant  increase  in  hear  re.  This  occuned  despite  a  gradual  reduction  in 
mean  arterial  pressure  of  15  to  20  mm  Hg.  It  apoears  that  in  this  situation  there 
was  little  if  cny  reflex  :chycardia  in  response  to  the  slow  decrease  in  mean 
arterial  pressure. 

The  reduction  in  stroke  volume  occurred  not  only  when  there  was  an 
increase  in  heart  rate  and  cardiac  output,  but  also  in  the  experiments  in  which 
the  effects  of  amyl  nitrite  were  delayed  and  there  was  little  change  in  heart 
rate. 

Both  mean  left  and  right  atrial  pressures  decreased  significantly  during 
the  peck  effect  of  amyl  nitrite  and  nitroglycerin.  This  decrease  in  filling  pres¬ 
sures  occurred  regardless  of  the  heart  rate  response,  but  was  more  marked  during 
tachycardia. 


Ventriculor  Dir  enslons 


Tabic  2  shews  the  results  of  intravenous  nitroglycerin  and  inhaled  cmyi 
nitrite  on  continuously  recorded  cr  diastolic  and  end-systolic  internal  left 
ventricular  transverse  diameters  during  five  experiments  in  each  of  hvo  animals 
when  the  heart  rate  was  allowed  to  vary  freely.  Both  agents  caused  a  significant 
decrease  in  left  ventricular  end-diastolic  diameter.  The  decrease  in  end-systolic 
diameter  which  occurred  following  intravenous  nitroglycerin  or  inhalation  of  cmyl 
nitrite,  was  also  statistically  significant.  Since  both  agents  produced  a  decrease 
in  left  ventricular  end-diastolic  diameter  which  wes  greater  than  the  decrease  in 
end-systolic  diameter,  the  stroke  excursion  (end-dics folic  minus  end-systolic  dia- 
meter)  decreased  significantly  during  the  administration  of  each  drug. 

Pacing 

Figure  1  shows  two  segments  of  a  continuous  record  obtained  from  a  con¬ 
scious  dog  before  and  20  seconds  after  the  intravenous  administration  of  nitroglycerin. 
Duing  this  experiment,  the  heart  rate  was  controlled  at  210  beafs/minufc  by  a  bipolar 
pacemaker  catheter  in  the  right  atrium.  The  decrease  in  mean  arterial  pressure  of  20 
mm  Hg  was  associated  with  a  rise  in  cardiac  output  of  460  ml/minute  which  wes  due  to 
an  increase  in  stroke  volume  of  2.2  mi/Leaf.  Left  atrial  pressure  declined  slightly. 

Figure  2  shows  two  segments  of  a  similar  record  obtained  from  the  same  dog 
on  the  same  day,  before  and  30  seconds  after  inhalation  of  amyl  nitrite.  Again,  at 
a  fixed  heart  rate  of  210  bects/minute,  the  reduction  in  mean  arterial  piessuro  was  ac¬ 
companied  by  an  increase  in  stroke  volume  of  2.6  ml/beaf  and  a  small  decrease  in  left 
atrial  pressure. 

Figure  3  shows  the  effect  of  intravenous  nitroglycerin  on  the  transverse 
internal  diameter  of  the  left  ventricle  in  a  conscious  dog' whose  heart  rate  was 
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maintained  ol  210  beats/minule  by  a  right  atrial  pacemaker.  20  second:,  often 
intravenous  nitroglycerin  iliore  was  a  decrease  in  both  cnd-dicstolic  diameter 
(0.9  mm)  end  cnd-systo!ic  diameter  (1.6  mm).  This  reduction  in  heart  size  v/cs 
accompanied  by  an  increase  in  stroke  excursion  (EDD-ESD)  of  0.7  mm.  ond  an 
increment  in  stroke  volume  of  1.4  ml/beat.  Identical  changes  occurred  during 
the  inhalation  of  amy!  nitrite. 

Discussion 

Nitroglycerin 

There  has  been  considerable  dispute  concerning  the  effects  of  nitrogly¬ 
cerin  on  the  cardiac  output.  Measurements  made  in  patients  receiving  sublin¬ 
gual  nitroglycerin  have  shown  a  rise  (Starr  et  al ,  1937;  Wegeria  et  al,  1951), 
no  change  (Brachfeld  et  al,  1959),  or  a  small  decrease  in  ccrdiac  output 
(Eldridge  et  al,  1955;  Williams  et  al,  1965;  Frick  et  al,  1968;  Knobe!  et  al, 
1963).  After  sublingual  nitroglycerin  the  decrease  in  arterial  pressure  is  small 
and  the  reflex  increase  in  heart  rate  minimal. 

In  the  present  study  nitroglycerin  was  given  intravenously  in  an  at¬ 
tempt  to  produce  a  rapid  decline  in  arterial  pressure  and  a  reflex  increase 
in  heart  rate  similar  to  that  occurring  after  arnyl  nitrite  inhalation.  In  con¬ 
trast  to  sublingual  nitroglycerin,  intravenous  administration  produced  a  sig- 


nificani'  increase  in  cardiac  output,  in  patients  in  whom  there  is  a  rapid  de¬ 
cline  in  systemic  arterial  pressure  after  sublingual  nitroglycerin  a  similar  rise 
in  cardiac  output  occurs  (Starr  et  al,  1937).  These  observation;  suggest  rhet 
when  nitroglycerin  produces  a  rapid  and  pronounced  dec: ease  in  arterial  pres¬ 
sure,  the  resulting  bcroreceptor  reflex  action  produces  an  increase  in  heart 
rate,  myocardial  contractile  force  and  cardiac  output  (Pinkerton  et  a!,  1963). 

Several  studies  have  suggested  that  a  reduction  in  ventricular  size  occurs 
following  the  administration  of  nitroglycerin  (Williams  et  al,  1965;  Frick  et  ul,  196 8 
Brandt  ct  al,  1952;  Hoeschcn  et  al,  1966).  However,  the  present  investigation 
is  the  first  to  document  a 'decrease  in  internal  left  ventricular  dimensions  follow¬ 
ing  nitroglycerin  administration.  When  the  heart  rate  was  allowed  to  vary  freely 
there  was  a  decrease  in  stroke  excursion  end  stroke  volume.  In  contrast,  .when 
the  heart  rate  was  controlled  by  a  right  atrial  pacemaker,  the  decrease  in  end- 
systolic  diameter  and  end-diastolic  diameter  was  accompanied  by  an  increase  in 
both  stroke  excursion  and  stroke  volume.  The  increase  in  stroke  excursion  is 
presumably  the  result  of  a  decline  in  afterload,  as  well  as  the  reflex  release  of 
catecholamines. 

These  observations  demonstrate  that  even  in  the  absence  of  reflex  tachy¬ 
cardia  and  In  the  presence  of  a  diminished  end-diastolic  diameter  nitroglycerin 
enhances  left  v<.  rricular  function. 

We  also  noted  definite  decreases  in  mean  right  end  left  atrial  pressures 
resulting  from  the  intravenous  injection  of  nitroglycerin.  This  decrease  in  filling 
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pressures  was  less  marked  in  the  six  experiments  in  which  the  heart  rate  was 
control LJ  by  the  pacemaker  catheter.  These  results  indicate  that  the  decrease 
in  stroke  volume  and  left  atrial  pressure  that  occurs  in  experiments  in  v/hich  the 
heart  rale  is  allowed  to  vary  freely  is  due  predominantly  to  the  decline  in  left 
I'ocsrt  filling  which  accompanies  tachycardia.  The  small  decrease  in  mean  left 
atrial  pressure  which  occurred  in  the  animals  with  the  fixed  heart  rate  is  most 
likely  due  to  improved  left  ventricular  emptying  mediated  by  the  baroreceptor 
mechanism.  Mason  and  Braunwaid  (1965)  have  previously  shown  that  sublingual 
nitroglycerin  causes  venous  dilitaficn,  decreased  venous  return  and  a  decreased 
stroke  volume.  However,  in  the  intact  animal ,  a  significant  decrease  In  arterial 
pressure  Is  often  accompanied  by  reflex  venous  constriction  (Ross  et  al,  1961)  as 
well  as  increased  myocardial  "contractility " ,  suggesting  that  both  direct  veno- 
dilator  effect  and  a  reflex  venoconstrictive  effect  may  occur  following  the  intra¬ 
venous  administration  of  nitroglycerin. 

Amyl  Nitrite 

Previous  studies  have  left  unexplained  the  small  and  variable  changes  in 
stroke  volume  following  amyl  nitrite  inhalation  (Perloff  et  al,  1963;  Hoeschen  et 
al,  1966).  In  the  present  investigation  there  was  a  significant  increase  in  cardiac 
output  associated  with  the  significant  decrease  in  mean  arterial  pressure  and  reflex 
increase  In  heart  rate.  In  all  35  experiments  in  which  the  heart  rate  was  allowed 
to  vary  freely,  the  stroke  volume  fell  during  the  maximal  decrease  In  arterial 


pressure . 
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Amyl  Nitrite  (Conf'd) 

By  contrast  in  the  two  paced  animals  the  stroke  volume  and  stroke  excur¬ 
sion  increased  following  amyl  nitrite  inhalation.  These  results  indicate  that  the 
hemodynamic  effects  of  amyl  nitrite  inhalation  parallel  those  of  intravenous 
nitroglycerin.  When  heart  rate  and  consequently  ventricular  filling  time  are 
kept  constant,  amyl  nitrite  inhalation  causes  an  increase  in  left  ventricular 
emptying  from  a  decreased  end-diastolic  diameter.  When  the  heart  rate  is 
allowed  to  vary  freely  the  reflex  tachycardia  limits  ventricular  filling  and 
causes  a  reduction  in  stroke  volume  and  stroke  excursion  despite  an  increase 
in  contractile  force  (Pinkerson  et  al,  1963).  » 

In  four  determinations  the  animal  was  reluctant  to  Inhale  amyl  nitrite, 
and  one  to  two  minutes  elapsed  before  the  arterial  pressure  reached  its  lowest 
level.  In  these  experiments  there  was  no  significant  increase  in  heart  rate  and 
a  decline  in  both  stroke  volume  and  cardiac  output  occurred.  The  decrease  in 
stroke  volume  and  stroke  excursion  as  well  as  the  associated  decrease  In  left 
atrial  pressure  presumably  was  due  to  peripheral  venodilitation.  The  signifi¬ 
cant  decrecsc  in  both  end-diastolic  and  end-systolic  diameters  during  these 
four  experiments  further  support  this  contention. 

The  effect  of  amyl  nitrite  on  the  capacitance  vessels  is  still  contro¬ 
versial.  Using  an  acute  occlusion  technique  Mason  and  Braunwald  (1965)  found 
an  increase  in  venous  tone  in  the  human  forearm  following  the  inhalation  of  amyl 
nitrite.  However,  Sharpoy-Schafer  and  Ginsberg  (1962),  using  a  similar  method 
reported  a  decrease  in  venous  tone  in  the  human  forearm  bolh  following  amyl 
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nitrile  inhalation  and  during  the  in  I  re-arterial  injection  of  sodium  nitrite. 

These  arc  probably  two  effects  of  nitrites  on  the  venous  tone:  (I)  a  direct  veno- 
dilator  effect  and  (2)  a  reflex  vonoconstricfor  effect  originating  in  the  barorc- 
ccptors  and  mediated  through  efferent  sympathetic  nerves.  This  Is  supported  Ly 
the  observation  that  either  rcscrpinc  or  guanethodine  administration  abolishes 
the  peripheral  venoconstriction  due  to  amyl  nitrite  inhalation  (Mason  and  Breun- 
wald,  1965). 

Conclusion 

We  conclude  from  the  present  study  that  the  pharmacologic  agents  nitro¬ 
glycerin  and  amyl  nitrite  have  an  identical  effect  on  cardiovascular  hemodynamics 
in  the  conscious  cnimal . 

When  given  rapidly  these  agents  cause  an  early  and  marked  reduction  in 
mean  arterial  pressure  which  results  in  a  significant  increase  in  heart  rate,  myo- 
ccrdial  contractile  force  and  cardiac  output.  There  is  a  decrease  in  atrial  fill¬ 


ing  pressures  due  predominantly  to  the  tachycardia  but  also  to  the  increase  in 
myocardial  contractility.  Left  ventricular  dimensions  diminish  for  the  same  rea¬ 
sons.  The  effect  on  the  venous  circulation  is  most  likely  two  fo'd:  an  initial 
direct  dilating  effect  which  is  immediately  followed  by  venoconstriction  medi¬ 
ated  by  ihe  bcroreccplor  mechanism. 

On  the  other  hand  when  the  tgenis  arc  given  slowly,  there  is  a  delayed 


and  loss  maikod  decline  in  mean  arterial  pressure.  This  is  accompanied  by  little, 


if  any  increase  in  heart  rate  and  a  reduction  in  both  stroke  volume  and  cardiac 
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output,  The  decrease  in  stroke  volume  is  due  to  a  decline  in  venous  return  v/hich 
results  from  vcnodililafion.  This  fall  in  venous  return  also  causes  a  reduction  in 
ventricular  dimensions. 

The  hemodynamic  observations  in  the  paced  animals  given  both  drugs 
demonstrate  an  increase  in  left  ventricular  function,  independent  of  the  Frcnk- 
Starling  mechanism,  which  is  due  to  both  a  decrease  in  left  ventricular  afrerload 
and  a  reflex  mediated  increase  in  myocardial  contractility. 
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Fiq.  3.  Two  segments  of  a  continuous  recording  of  hemodynamic  parameters  beforo  and  at  the  peak 
effect  of  i.v.  nitroglycerin.  EPD  is  cud-diastolic  diameter  and  ESD  is  end-systolic  diameter  (see  text). 
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The  animals  involved  in  this  study  were  maintained  in  accordance 
with  the  Guide  for  Laboratory  Animal  Facilities  and  Crre"  as  published 
by  the  National  Academy  of  Sciences  -  National  Research  Council. 
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Ventricular  function  curves  derived  from  data  obtained  during  increases  in  afterload 
with  angiotensin  were  evaluated  in  six  previously  instrumented  conscious  dogs.  Mean  aortic 
flow,  stroke  volume,  left  ventricular  pressure,  heart  rate  and  left  ventricular  transverse  in¬ 
ternal  diameter  were  recorded  before  and  during  12  continuous  graded  intravenous  infusions 
of  angiotensin.  At  peak  angiotensin  effect  there  were  significant  (p<.00l)  increases  in 
L.V.  systolic  mean  pressure  (84  +  8.1  to  120  +  9.1  mm  Hg)  and  L.V.  end-diastolic  pressure 
(4  +  2.0  to  23  +  2.8  mm  Hg)  and  decreases  in  cardiac  output  (1 .88  +  .40  to  1 .20  +  .33  liters 
per  min.)  and  stroke  volume  (16.0  +  3.4  to  II  .0  +  2.8  ml/beat).  There  were  significant  incre- 

4  • 

menfs  (p<  .01)  in  end-diastolic  diameter  (1.7  mm)  c  '  end-systolic  diameter  (3.5  mm).  Ven¬ 
tricular  function  curves  were  obtained  by  plotting  stroke  volume  index  or  stroke  work  index 
on  the  ordinate  and  L.V.  end-diastolic  pressure  on  the  abscissa.  At  least  six  data  points  were 
obtained  from  each  experiment.  Ventricular  function  curves  were  not  comparable  in  the  six 
dogs  and  on  repeated  determinations  in  individual  dogs.  There  was  no  consistent  relation  be¬ 
tween  the  end-diastolic  pressure  and  the  stroke  volume  index  or  stroke  work  index.  These  data 
suggest  that  changes  in  the  ventricular  function  curve  induced  by  increasing  afterload  with 
angiotensin  are  not  a  reliable  index  of  ventricular  function. 

Additional  Indexing  Words 
*  f:er!oad 
Function  curves 

Stroke  work 
Unanesthetized  dogs 
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A  method  for  analyzing  the  performance  of  the  intaci  heart  quantitatively  and 
reproducibly  has  been  a  major  goal  of  cardiovasci  tar  investigators  for  many  years. 

Physiologic  stresses  that  have  been  employed  to  assess  ventricular  function  have  in- 

.  f  ,  0-7) 

eluded  muscular  exercise,  alterations  in  preload,  and  progressive  increases  in  afterload. 
Ventricular  function  curves  derived  from  data  obtained  during  a  progressive  increase  in 
arterial  blood  pressure  by  means  of  a  graded  intravenous  infusion  of  angiotensin  have 
been  used  in  experimental  animals  and  man  to  assess  ventricular  performance  in  the  in- 
tact  heart.  In  these  studies,  curves  relating  stroke  volume  index  or  stroke  work  index 
to  end  diastolic  pressure  are  usually  constructed  from  two,  three,  and  sometimes  four  data 
points.  The  presence  of  normal  or  diminished  left  ventricular  function  is  often  predicated 
upon  the  resulting  ventricular  function  curve.  The  purpose  of  the  present  study  was  to  de¬ 
termine  if  ventricular  function  curves  obtained  during  increases  in  afterload  with  angiotensin 
provide  a  reliable  index  of  left  ventricular  performance,  and  to  evaluate  the  effect  of  intra¬ 
venous  ingiotensin  on  continuously  recorded  ventricular  dimensions. 

Methods: 

Six  mongrel  dogs,  10  to  18  kg  in  weight,  were  selected  for  this  study.  At  the  time  of 
thoracotomy,  an  electromagnetic  flow  probe  was  placed  around  the  root  of  the  ascending 
aorta  and  18  gauge  polyvinyl  catheters  were  positioned  in  the  left  atrium  through  the  left 
atrid  appendage  and  in  the  superior  vena  cava  through  the  right  jugular  vein.  Flow  probe 
leads  and  catheters  were  exteriorized  at  the  back  of  each  animal 's  neck . 

During  the  same  operation,  sonom*crometer  transducers  were  implanted  on  the  left 

;  oo) 

ventricular  endocardium  using  the  technique  described  by  Horwitz  and  associates.  A 
needle  carrying  one  transducer  was  thru  t  through  a  stab  incision  in  the  anterior  woll  of  the 
left  ventricle.  The  wires  of  this  transducer  were  pulled  through  the  posterior  wall  until  the 
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transducer  lay  flat  against  the  posterior  endocardial  surface.  The  second  transducer  was 
then  pushed  through  the  same  Incision  and  positioned  against  the  anterior  surface  of  the 
ventricle.  The  transducers  were  implanted  in  a  plane  perpendicular  to  the  longitudinal 
axis  of  the  left  ventricle  and  across  its  greater  internal  diameter.  In  addition,  a  solid 
state  pressure  transducer  (Microsystems  1017)  was  implanted  in  the  left  ventricular  apex. 

The  animals  were  allowed  to  recover  at  least  three  weeks  after  surgery  and  could  exer¬ 
cise  normally  at  the  time  of  experimentation.  None  showed  any  myocardial  damage  on 
post  mortem  examination. 

In  all  six  conscious  animals  mean  cardiac  output  was  measured  with  an  electro- 

u. 

magnetic  flow  meter  (Medicon  K-2000).  Flow  probes  were  calibrated  before  implant¬ 
ation  with  dialysis  tubing  and  after  implantation  the  cardiac  output  agreed  within  10% 
to  that  simultc  eously  obtained  by  means  of  an  indocyanine  dilution  curve.  Mean  dia¬ 
stolic  flow  was  assumed  to  be  zero. 

The  left  ventricular  pressure  transducer  was  calibrated  before  implantation  in  a 
pressure  jar  against  a  column  of  mercury  and  after  implantation  with  the  pressure  obtain¬ 
ed  with  a  *8  NIH  catheter  passed  from  the  femoral  artery  into  the  left  ventricle.  The  left 
otriol  pressure  was  measured  with  a  Statham  P  23  Bb  stain  gauge  (the  sternal  midline  with 
the  dog  lying  on  his  right  side  was  the  zero  reference).  Electrocardiograms  were  recorded 
from  subcutaneous  electrodes  over  the  sternum.  The  heart  rate  was  continuously  monitored 
by  a  cardiotachometer.  All  measurements  were  recorded  on  a  polygraph  (Offner  type  R). 
Stroke  volume  was  obtained  by  dividing  the  mean  cardiac  output  by  the  instantaneous  heart 
rate  and  was  checked  by  planemetric  integration  of  the  aortic  flow  velocity  curve.  I  :*t 
ventricular  systolic  mean  pressure  was  derived  from  planimetry  of  the  left  ventricular  pres¬ 
sure  curve,  and  the  left  ventricular  transverse  internal  diometer  was  recorded  by  means  of 
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a  portable  sonomicromefer.  Left  ventricular  stroke  work  was  calculated  from  the  forr  '<  : 

SW  =  SV  x  (  LVS  -  LVEDP  )  x  1 . 36  where  SV  =  stroke  volume  in  ml;  LVS  =  mean  left  ven- 

100 

tricular  pressure  during  ejection  in  mm  Hg  and  LVEDP  =  left  ventricular  end  diastolic  pres¬ 
sure  in  mm  Hg . 

After  obtaining  control  records  with  the  animal  i/ing  quietly  on  the  laboratory  table, 
intravenous  infusion  of  angiotensin  was  begun  at  a  rate  of  one  microgram  per  minute.  Hemo¬ 
dynamic  parameters  were  monitored  continuously  and  the  angiotensin  infusion  rate  was  in¬ 
creased  at  two  to  three  minute  intervals  until  arterial  pressure  increased  and  ventricular  end 
diastolic  pressure  rose  between  five  and  ten  mm  Hg.  The  infusion  rate  was  subsequently  further 
increased  until  left  ventricular  end  diastolic  pressure  increased  by  another  five  to  ten  mm  Hg* 
The  rate  of  angiotensin  infusion  in  individual  experiments  varied  between  one  and  ten  micro¬ 
grams  per  minute.  The  duration  of  the  angiotensin  infusions  averaged  twenty  minutes.  Twelve 
experiments  were  performed  in  the  six  conscious  unrestrained  animals  (two  determinations  in 
four  dogs,  three  in  one  dog  and  one  experiment  in  the  sixth  dog). 

Left  ventricular  function  curves  were  constructed  from  the  data  obtained  during  angio¬ 
tensin  infusion  by  plotting  stroke  volume  index  or  stroke  work  Index  on  the  ordinate  and  left 

♦ 

ventricular  end  diastolic  pressure  on  the  abscissa.  Stroke  volume  and  stroke  work  were  ex¬ 
pressed  both  per  kilogram  of  body  weight  and  per  square  meter  of  body  surface  me  In  order 
to  compensate  for  variation  in  animal  size.  Body  surface  area  in  square  meters  was  obtained  by 
multiplying  2/3  of  the  animal's  weight  by  0.112^1 

RESULTS 

Hemodynamics 

Pour  segments  of  o  continuous  recording  of  cardiac  output,  left  ventricular  pressure. 
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Hemodynomics  (Cont'd.) 

infernal  diamefer  and  heart  rate  during  a  15  minute  graded  intravenous  infusion  of  angiotensin 
arc  shown  in  Figure  1 .  A  progressive  decrease  in  mean  cardiac  output  and  stroke  volume 
accompanied  the  progressive  increase  in  left  ventricular  end  diastolic  pressure  and  left  ven¬ 
tricular  mean  systolic  pressure  during  the  infusion  of  angiotensin.  Left  ventricular  transverse 
end  diastolic  diameter  and  end  systolic  diameter  increased  and  the  stroke  excursion  (end  dias¬ 
tolic  minus  the  end  systolic  diamefer)  dea eased.  In  this  experiment,  the  heart  rate  decreased 
from  117  to  105  beats/minute.  Presumably,  this  change  in  heart  rate  is  mediated  by  the  bar- 
oreceptors  in  response  to  the  increase  in  left  ventricular  afterload. 

The  peak  effect  of  intravenous  angiotensin  infusion  on  cardiac  output,  stroke  volume, 
and  left  ventricular  pressures  in  these  twelve  experiments  is  summarized  in  Table  1.  Left  ven¬ 
tricular  mean  systolic  pressure  increased  from  84  to  120  mm  Hg  and  mean  left  ventricular  end 
diastolic  pressure  from  4  to  23  mm  Hg.  (p <  .00')  At  the  peak  of  the  hypertensive  effect 
cardiac  output  fell  680  ml  per  minute  and  the  cardiac  index  53  ml  per  kg  per  minute  (p  <  .001). 
The  average  stroke  volume  decreased  from  16.9  to  II. 0ml.  Although  the  heart  rate  tended  to 
decrease  with  each  increment  in  the  rate  of  angiotensin  infusion,  there  is  no  statistically  sig¬ 
nificant  difference  between  the  mean  control  heart  rote  (112  +  10.4  beats/minute)  and  the  heart 
rate  at  peak  angiotensin  effect  (109  +  13.1  beats/minute). 

Figure  <  shows  the  peak  effectof  intravenous  angiotensin  on  left  ventricular  transverse 
Internal  diameter.  In  all  12  experiments  end  diastolic  diameter  increased  (1.7  +  0.5  mm, 
p <  .(H)  as  did  the  end  systolic  diameter,  (3.5  +  0.8  mm .,  p  <  01) .  Therefore,  stroke  excur¬ 
sion  (end  diastolic  diameter  minus  end  systolic  diameter)  decreased  significantly  during  angio¬ 
tensin  Infusion  (1.8  +  0.4  mm,  p  <  .(H).  In  all  twelve  experiments  there  is  on  excellent  cor¬ 
relation  between  stroke  excursion  and  stroke  volume  ( r  *  +  0.97).  The  transverse  internal 
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hemodynamics  (Cool'd.) 

diameter  reflects  the  volume  of  the  left  ventricle  since  the  stroke  volume  is  linearly  related 
to  the  left  ventricular  internal  diameter  during  systole^  } 

Function  Curves 

Three  ventricular  function  curves  obtained  from  three  different  conscious  animals 
during  similar  rates  of  angiotensin  infusion,  are  shown  in  Figure  3.  Left  ventricular  stroke 
work  index  is  plotted  against  left  ventricular  end  diastolic  pressure.  The  hemodynamic 
response  to  the  increase  in  left  ventricular  afterload  produced  by  intravenous  angiotensin 
was  different  in  each  animal.  This  variability  in  ventricular  function  curves  persists  when 

s*. 

either  stroke  volume  index  or  minute  work  index  is  substituted  on  the  ordinate  for  stroke 
work  index. 

Three  different  ventricular  function  curves  obtained  from  the  same  conscious 
animal  on  three  different  days  are  depicted  in  Figure  4.  Stroke  work  is  plotted  against  the 
left  ventricular  end  diastolic  pressure.  The  three  function  curves  were  obtained  from  ex¬ 
periments  performed  24  hours  apart.  Although  control  values  for  stroke  work  and  left  ven¬ 
tricular  end  diastolic  pressure  are  similar,  the  hemodynamic  response  to  angiotensin  infu¬ 
sion  was  variable  in  the  same  conscious  animal  on  three  different  occasions.  The  ventri¬ 
cular  function  curve  derived  from  data  obtained  on  the  second  day  is  strikingly  depressed 
as  compared  to  the  function  curves  obtained  on  the  day  before  and  the  day  after  this  ex¬ 
periment.  This  substitution  of  stroke  volume  or  minute  work  for  stroke  work  as  the  ordin¬ 
ate  does  not  improve  the  variability  ’  the  ventricular  function  curve  in  these  three  ex¬ 
periments. 

The  variation  in  the  ventricular  function  curves  obtained  from  the  whole  group  of 
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Function  Curves  (Cont'd.) 

animals  is  shown  in  Figure  5.  These  data  were  obtained  from  all  12  experiments.  At  any 
given  left  ventricular  end  diastolic  pressure  there  is  considerable  scatter  in  the  stroke  work 
index.  The  spread  is  even  greater  for  stroke  work  in  absolute  terms  or  for  stroke  work  per 
kg  of  body  weight.  A  similar  variability  is  seen  when  stroke  volume  index  is  plotted  against 
left  ventricular  end  diastolic  pressure  (Figure  6). 

In  individual  experiments  the  initial  stroke  volume  response  to  intravenous  ogio- 
tensin  infusion  varied.  In  five  experiments  there  was  an  initial  increase  ?n  stroke  volume 
and  , ip  seven  an  initial  decrease.  In  all  twelve  experiments  the  stroke  volume  was  less  than 
the  control  value  at  left  ventricular  end  diastole  pressures  of  18  mm  Hg  or  greater. 


DISCUSSION 

Ventricular  function  curves  have  been  used  to  quantitate  cardiac  performance 
during  rapid  intravenous  fluid  infusions  in  anesthetized  and  conscious  animals  by  measur¬ 
ing  cardiac  output,  stroke  volume  or  stroke  work  as  a  function  of  ventricular  filling  pres- 
(1,2,3,12) 


sure 


.  Ventricular  output  curves  derived  from  data  obtained  during  a  rapid  increase 


in  preload  are  reproducible  in  the  same  conscious  animal  from  day  to  day  and  the  plateau  of 
the  function  curve  varies  by  less  than  3.5%  in  a  group  of  unanesthetized  dogs^'  !  Because 
of  the  potential  hazard  of  the  rapid  administration  of  a  large  fluid  load  to  patients  with 
cardiac  disease,  increasing  afterload  has  been  proposed  by  r  aviy  investigators  as  a  means  of 

(4  5,7-9^ 

obtaining  multiple  ventricular  function  curves  Intravenous  angiotensin  infusion  has 


been  the  method  most  frequently  used  in  the  experimental  animal  and  in  man  to  increase  left 
ventricular  afterload  while  recording  changes  in  left  ventricle  mean  systolic  and  end  diastolic 
pressures  as  well  as  heart  rate  and  cardiac  output. 
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The  cardiac  output  during  intravenous  angiotensin  is  usually  obtained  by  the  indicator 
dilution  technique  or  by  use  of  the  Fick  principle.  Therefore,  only  2,  3,  and  sometimes  4  data 
points  are  obtained  for  plotting  stroke  volume  index  or  stroke  work  index  against  increasing 
ventricular  end  diastolic  pressure.  In  the  present  study,  designed  to  evaluate  the  reliability 
and  reproducibilitv  of  ventricular  function  curves  obtained  during  angiotensin  infusion,  car¬ 
diac  output  was  recorded  continuously  by  a  previously  placed  electromagnetic  flow  probe.  At 
least  six  data  points  were  obtained  in  each  experiment.  The  results  indicate  that  ventricular 
function  curves  obtained  during  an  increase  in  afterload  with  intravenous  angiotensin  may  be 

considerably  different  on  several  occasions  in  the  same  animal  and  are  quite  variable  in  a 

* 

similar  group  of  animals.  This  variability  is  due  primarily  to  inconsistent  changes  in  stroke 
volume  during  the  elevation  in  left  ventricular  filling  pressure  with  angiotensin.  These  data 
suggest  that  ventricular  function  curves  obtained  by  increasing  afterload  with  angiotensin  may 
not  be  a  reliable  index  of  left  ventricular  performance. 

The  present  study  is  the  first  to  report  the  effect  of  angiotensin  infusion  cn  continu¬ 
ously  recorded  left  ventricular  internal  dimensions  in  the  unanesthetized  animal.  The  pro¬ 
gressive  increase  in  left  ventricular  systolic  mean  pressure  is  associated  with  an  increase  in 
left  ventricular  end  diastolic  diameter  and  end  systolic  diameter.  The  stroke  excursion  de- 
creases  as  does  the  simultaneously  measured  stroke  volume.  Thus  increasing  afterload  with 
angiotensin  produces  a  decrease  in  the  left  ventricular  ejection  fraction  (  SV/EDD  )  and  an 
increase  in  the  residual  fraction  (  ESD/EDD  ).  There  is  a  much  greater  increase  in  left  ven¬ 
tricular  end-diastolic  pressure  for  each  increase  in  end-diastolic  diameter  with  angiotensin 
than  is  seen  during  continuous  monitoring  of  these  parameters  when  preload  is  increased  by 
the  rapid  intravenous  infusion  of  200-400  ml  of  Tyrode's  solution  over  a  two  minute  inter- 
vaP  .  This  suggests  an  acute  decrease  in  left  ventricular  compliance  (AEDD/AEDP  ) 
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during  the  increase  in  afterload  with  angiotensin. 

The  effects  of  intravenous  angiotensin  on  left  ventricular  hemodynamics  reported  in 
this  study  are  similar  to  tho'e  reported  by  others.  Most  investigators^  ^  have  recorded 
a  decrease  in  cardiac  output  and  stroke  volume  accompanying  the  increase  in  systemic  vas¬ 
cular  resistance  and  left  ventricular  diastolic  pressure.  These  results  have  been  found  in 
unanesthetized  research  animals^  \  normal  human  subjects^  ^and  patients  with  heart 
disease . 

However,  other  observers^  '  '  '  liave  reported  an  increase  or  no  change  in  stroke 

volume  during  angiotensin  infusion.  In  our  experiments,  there  was  often  a  small  transient 
■  • 

increase  in  stroke  volume  early  in  the  course  of  angiotensin  infusion  which  was  followed  by 
a  progressive  decline  in  the  volume  of  blood  ejected  per  beat.  This  momentary  increase  in 
stroke  volume  frequently  accompanied  a  transient  decrease  in  heart  rate,  the  cardiac  output 
remaining  unchanged  or  decreasing  slightly. 

The  decrease  in  stroke  volume  observed  in  this  study  may  be  due  to:  (I)  Impeded 
left  ventricular  ejection  due  to  the  increase  in  afterload;  (2)  Vagal  depression  of  the  myo¬ 
cardium  mediated  by  the  baroreceptors  in  response  to  arterial  hypertension;  (3)  angiotensin 
induced  coronary  vasoci  nstriction;  (4)  a  direct  negative  inotropic  effect  produced  by  angio¬ 
tensin. 

(I)  The  performance  of  the  intact  left  ventricle  as  reflected  in  the 
stroke  volume  is  profoundly  influenced  by  the  afterload  alone. 

With  other  variables- held  constant,  such  as  heart  rate  and  fill¬ 
ing  pressure* ,  a  progressive  increase  In  aortic  pressures  produces 

(19) 

a  decline  in  stroke  volume  and  the  peak  velocity  of  ejection 
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(1)  The  normal  left  ventricular  response  to  progressive  proximal 
aortic  obstruction  consists  of  an  increase  in  left  ventricular 
systolic  pressure',  end-diastolic  pressure  and  end-diastolic 

(4) 

volume  associated  with  a  fall  in  cardiac  output  . 

(2)  In  I960,  Segel,  Harris  and  Bishop  (^showed  that  pretreaf- 
ment  with  atropine  prevented  or  diminished  the  decline  in 
cardiac  output  following  intravenous  angiotensin  in  four 
subjects  with  normal  cardiovascular  and  respiratory  systems. 

(14) 

In  1967,  Nolan,  Cobb  and  Thompson'  'obtained  similar  re¬ 
sults  in  three  patients  without  heart  disease.  Both  studies 
suggest  that  stimulation  of  the  arterial  baroreceptor  reflex¬ 
es  by  increasing  afterload  is  at  least  partially  responsible 
for  the  reduction  of  cardiac  output  associated  with  angio¬ 
tensin  infusion. 

(3)  Many  investigations  in  research  animals  and  recent  studies 
in  patients  with  heart  disease  have  indicated  that  angioten¬ 
sin  constricts  the  coronary  vessels,  increases  the  myocardi¬ 
al  oxygen  consumption  and  decreases  the  coronary  venous 

(17,20-22) 

oxygen  content 

(4)  The  occurrence  of  direct  Inotropic  effect  with  angiotensin 
are  disputed.  In  the  isolated  cat  pappilory  muscle  a  con¬ 
sistent,  concentration-dependent,  direct  positive  action  on 
the  strength  of  ventricular  contraction  has  been  demonstra- 
ted  with  angiotensin.  '  However,  others  have  shown  little 
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(4)  direcf  effect  of  angiotensin  on  myocardial  contractility  and 

indirect  depression  of  contractility  secondary  to  coronary 

.  .  (21) 

constriction'  . 

We  conclude  from  the  present  study  that  a  continuous  graded  intravenous  infusion 
with  angiotensin  produces  an  increase  in  left  ventricular  mean  systolic  and  end-diastolic 
pressures,  an  increment  in  end-diastolic  diameter  and  a  greater  increase  in  end-systolic 
diameter.  This  is  associated  with  a  decrease  in  cardiac  output,  stroke  volume  and  stroke 

V. 

excursion  and  no  significant  change  in  the  heart  rate.  In  individual  experiments  there  is 
a  transient  increase  in  stroke  volume  prior  to  its  decline.  Ventricular  function  curves  ob- 

__  v 

tcined  from  this  data  vary  significantly  when  compared  in  similar  animals  of  the  same  spe¬ 
cies  and  may  differ  considerably  in  the  same  conscious  animal  on  different  determinations. 
These  data  suggest  that  ventricular  function  curves  obtained  by  this  method  provide  an 
unreliable  index  of  ventricular  function.  Whether  this  is  true  only  with  angiotensin  in¬ 
fusion  or  also  occurs  during  increases  in  afterload  with  other  interventions  such  as  intra¬ 
venous  methoxamine  or  phenylephrine  remains  to  be  answered. 


Footnote: 


The  animals  involved  in  this  study  were  maintained  in  accordance  with  the 
"Guide  for  Laboratory  Animal  Facilities  and  Care"  as  published  by  the  National  Aca¬ 
demy  of  Sciences  -  National  Research  Council . 

Part  of  this  work  was  supported  by  the  U.  S.  Public  Hcaifb  Service  Research 
Grant  HE— 12415—01  from  the  National  Heart  Institute  and  the  Texas  Heart  Association 
Grant. 
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TABLE  1 
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AVERAGE  LEFT  VENTRICULAR  HEMODYNAMICS  IN  THE  12  EXPERIMENTS 
DURING  THE  CONTROL  STATE  AND 
AT  THE  PEAK  HYPERTENSIVE  EFFECT  OF  ANGIOTENSIN 


PEAK 

CONTROL  ANGIOTENSIN  p  VALUE 


Left  Ventricular  Systolic 
Mean  Pressure 

itnm  Hg) 

84  +  8.2* 

120  +  9.2 

<.001 

Left  Ventricular 
End-Diastolic  Pressure 
(mm  Hg) 

4  +  2.0  . 

23  +  2.7 

<.001 

Cardiac  Output 
(ml/min) 

1880  +  398 

1200  +  334 

<.001 

Cardiac  Index 
(ml/mi?V^g) 

146.8  +  8.6 

93.8  +  26.9 

<.001 

Stroke  Volume 
(mi/beat) 

16.9  +  3.4 

II. 0+  2.7 

<.001 

Heart  Rote 
(beah/mln) 

112  +10.4 

109+13.1 

>5 

*1*  one  standard  deviation 
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Figure  !; 

Four  segments  of  o  continuous  recording  obtained  during  a  15  minute  infusion  with 
angiotensin.  Stroke  volume  is  obtained  by  planimetry  of  the  aortic  flow  velocity 
curve. 

Figure  2; 

Average  changes  (^)  in  left  ventricular  transverse  internal  diameter  at  the  peak 
hypertensive  effect  of  intravenous  cngiotensin.  EDD  -■  end-diastolic  diameter; 

F5D  *  end-systolic  diameter;  EDD  -  ESD  -  stroke  excursion;  SEM  -  standard  error 

of  the  mean .  •  . 

c. 

Figure  3: 

Three  ventricular  function  curves  in  three  different  conscious  dogs. 

Figure  4: 

Three  ventricular  function  curves  in  the  same  conscious  dog  on  three  different  days 
Figure  5: 

Relation  ef  stroke  work  index  to  ventriculor  end-diastolic  pressure  in  the  twelve 
experiments.  I  S.  D.  *  I  standard  deviation.  N  *  number  of  observations. 

Figure  6; 

Relation  of  stroke  volume  index  to  ventriculor  end-diastolic  pressure  in  the  twelve 
experiments.  I  S.  D.  *  I  standard  deviation.  N  *  number  cf  observations. 
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a*Ic  derived  from  twin  experiments  in  nix  conscious  dogs  during  angiotensin  infusion 
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APPENDIX  B.  Ventricular  dimensions  In  twelve  experiments  during  angiotensin  infusion 
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ABSTRACT 


KARDON ,  M.B.,  O'ROURKE,  R.A. ,  PALMER,  J. ,  and  BTSHOP>  V.S.  Measure¬ 
ment  of  left  ventricular  internal  diameter  by  catheterization. 

Continuous  recordings  of  left  ventricular  internal  diameter  were 
made  in  anesthetized  dogs  by  retrograde  aortic  catheterization.  The 
basic  principle  involved  the  measurement  of  ultrasonic  transit  time 
.between  two  piezoelectric  crystals  mounted  on  a  woven  dacron  cardiac 
catheter.  The  catheter  could  be  manipulated  so  that  it  came  to  rest 
with  a  loop  traversing  the  major  chord  of  the  left  ventricular  cavity 
parallel  to  the  interventricular  septum.  Recordings  obtained  during 
the  resting  state,  during  norepinephrine  infusion  and  during  angio¬ 
tensin  infusion  were  similar  to  those  previously  obtained  with  im¬ 
planted  sonomicrometers. 

Catheter  Ultrasound  Sonomicrometcr 

Ventricular  Dimension 


1 


Hemodynamic,  measurement:;  necessary- to  characterize  myocardial 
function  have  been  defined  by  the  studies  of  Starling  (9),  Samoff 
(7),  and  Sonnenblick  (8).  However,  these  concepts  cannot  be  readily 
applied  to  chronic  animal  studies  or  to  clinical  needs  due  to  the 
lac,,  of  suitable  techniques  for  the  continuous  measurement  of  cardiac 
dimensions.  Thus,  the  pumping  performance  of  the  heart  cannot,  be 
characterized  in  terms  of  its  ability  to  perform  as  a  muscle  organ. 

Recently,  using  surgical  techniques,  we  have  obtained  continuous 
measurements  of  left  ventricular  internal  diameter,  blood  pressure 
and  flow  in  the  conscious  dog  (1,4).  This  requires  the  implantation 
of  sonomicrometer  transducers  on  the  endocardial  surface  of  the  left 
ventricle,  a  solid  state  pressure  transducer  in  the  apex  of  the  left 
ventricle  and  an  electromagnetic  flow  probe  around  tbe  ascending 
aorta.  These  studies  have  provided  important  information  regarding 
the  interrelationships  of  these  three  variables  and  have  emphasised 
the  need  for  continuous  measurements  of  left  ventricular  internal 
diameter  and  pressure  by  procedures  which  would  not  require  a  thora¬ 
cotomy,  and,  could  be  readily  used  in  research  animals  and  in  man. 

In  addition  to  the  indicator  dilution  and  angiocardiographic 
techniques,  catheterization  approaches  for  the  measurement  of  left 
ventricular  dimensions  have  been  limited  to  electrical-mechanical 
systems  (5,6)  and  the  ultrasound  pulse  echo  .  The  efficacy 

of  elect rical-raechanical  systems  is  as  yet  unproven. 

Carlcton  and  Clark  (2)  have  reported  a  ultrasound  pulse  echo 
technique  for  measuring  the  external  diameter  of  the  left  ventricle 
from  a  catheter  placed  in  the  tight  ventricle.  More  recently  a  pulse 
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echo  technique  for  topographical  visualization  of  the  left  ventricle 
in  tl  >o  piano  perpendicular  to  the  catheter  has  been  described  by 
liggelctcn ,  c_L_  aj_  (3).  The  catheter  which  has  multiple  piezoelectric 
crystals  is  made  to  rotate  within  the  left  ventricular  cavity.  This 
technique  may  be  promising  for  analyzing  asynchronous  contractions 
in  diseased  hearts.  The  major  difficulties  in  this  approach  lies  in 
the  effects  of  catheter  movement  and  the  rather  sophisticated  in¬ 
strumentation  needed  for  the  measurement  and  analysis.  The  various 
limitations  of  the  above  techniques  have  led  to  the  development  of 
a  catheter  which  measures  the  internal  diameter  and  pressure  of  the 
left  ventricle.  This  report  describes  a  sonic  transit  time  technique 
for  the  continuous  measurement  of  left  ventricular  internal  diameter. 

Catheter  Construction.  A  number  of  different  catheter  materials 
were  tried  and  discarded,  mainly  because  they  either  lacked  the 
elastic  properties  necessary  for  this  technique,  were  too  stiff,  or 
were  too  difficult  to  modify.  Most  of  our  success  has  been  experienced 
with  a  woven  dacron  cardiac  catheter. 

Using  a  thin  wall  single  lumen  8F  woven  dacron  catheter,  U.S.C.I. 
5400  scries,  a  4  mm  long  semicyllndrical  section  was  cut  from  it  along 
the  preformed  inner  curve  surface  beginning  1  cm  from  the  catheter 
tip.  A  second  semicylindrical  section  of  identical  dimension  was  cut 
further  down  the  catheter  starting  8,5  cm  from  the  tip.  Consequently, 
with  a  bend  made  midway  between  these  openings  they  could  be  made  to 
face  each  other. 

Two  small  rectangular  pieces  (3.5  mm  x  2  mm)  of  ceramic  piezo¬ 
electric  material  (resonant  at  5  mHz)  were  cut  from  a  1”  x  1"  square. 


using  a  carbide  tipped  scrlber,  by  f racturing  tin:  ceramic  along 

the  scribed  line  in  a  similar  fashion  to  glass  cutting.  A  length 

of  insulated  single  strand  copper  wire  (Awg.  36)  was  soldered  to 

each  face  of  both  pieces  of  crystal  material  using  a  technique 

similar  to  that  used  by  Stegall,  et_  al_  (10)  and  each  pair  was  then 

twisted  together  using  a  hand  drill.  A  fish-wire  of  .015"  bare 

copper  wire  was  advanced  through  the  free  lumen  of  the  catheter 

from  the  luer-lok  end  until  it  could  be  made  to  exit  the  farthest 

(near  the  tip)  window.  Once  outside  the  catheter  the  free  ends  oi 

% 

one  pair  of  signal  leads,  running  to  one  rectangle  of  crystal,  were 
tied  to  the  fish-wire;  then  it  and  the  single  pair  of  signal  leads 
were  drawn  down  into  the  catheter  until  this  tie  point  appeared  eppe 
site  the  proximal  window,  which  allowed  us  to  tie  the  ends  of  the 
second  set  of  signal  leads  to  the  fish-wire  also.  Now,  both  pairs 
of  signal  leads  could  be  drawn  through  the  catheter  lumen  until 
they  exited  at  its  luer-lok  fitting,  at  whieh  time  each  pair 
could  be  manipulated  independently  of  the  other.  Starting  with 
the  distal  piezoelectric  material  each  rectangle  was  affixed  within 
its  respective  window  using  a  quick  curing  epoxy.  The  area  above 
each  crystal  surface  was  filled  with  the  same  epoxy  material  so  that 
the  normal  cylindrical  surface  of  the  catheter  was  restored. 

In  order  to  prevent  the  catheter  from  tearing  at  the  comers 
of  each  window  when  flexed  backwards,  we  installed  a  1  cm  sleeve 
of  polyvinyl  shrinkable  tubing  over  each  crystal  and  with  the  care¬ 
ful  use  of  heat  it  formed  tightly  over  that  area  without  melting 
the  catheter  material  itself.  .This  technique,  while  preventing  the 


cat. Ik* U'.i  from  tearing,  n tided  somewhat:  to  its  overall  stiffness  in 
that  area.  A  plug  war;  formed  at  the  luor-lok  end  by  soldering 
each  wire  end  to  a  contact  pin  and  "potting"  the  four  pins  together. 
Connection  to  each  crystal  could  then  be  made  by  this  plug.  Be¬ 
cause  of  the  manner  in  which  this  catheter  contacts  the  endocardial 
surface  it  became  obvious  that  while  contact  would  be  firm  during 
ventricular  systole,  the  catheter’s  innate  resilience  would  be 
necessary  to  keep  it  firmly  in  contact  with  the  ventricular  surface 

during  the  more  rapid  phases  of  diastole  since  the  catheter  must  not 
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restrict  the  myocardial  contraction.  Thus,  its  maximum  frequency 
response  or  stiffness  is  limited  by  this  consideration. 

Frequency  response  measurements  were  made  in^  vitro  by  allowing 
the  catheter  to  equilibrate  for  20  minutes  in  a  37°C  water  bath  and 
then  measuring  its  compliance  simply  by  compressing  it  and  allowing 
It  to  spring  back  while  monitoring  the  sonomicrometer  electrical 
output  during  its  returning  phase.  By  repeating  this  technique 
many  times,  the  catheter’s  natural  recovery  rate  over  the  range  of 
dimensions  expected  in  the  left  ventricle  was  found  to  be  at  least 
1050  iran/sec.  By  placing  a  length  of  22  gauge  thin  wall  teflon  tubing 
within  the  catheter  lumen  along  with  the  transducer  lead  wires,  the 
compliance  of  the  catheter  could  be  extended  to  at  least  1180  mm/ sec 
which  was  sufficient  for  most  of  our  applications.  In  addition, 
the  teflon  lumen  could  be  used  for  pressure  measurements,  albeit 
con;  _rably  damped  because  of  the  small  bore  size.  We  found  that 
further  Increases  in  compliance  could  be  attained  by  advancing  a 
.025”  solid  core  guide  wiro  (ll.S.C.I.)  inside  the  teflon  bore,  and 


this,  furthermore ,  could  be  done  after  cathctei  placement.  In 

all  caws  the  tip  of  the  catheter  was  heat  set  into  a  gradual 

130°  bend  from  a  point  midway  between  the  transducer  sites. 

The  catheter  was  advanced  under  fluoroscopic  control  from  a 

femoral  artery  cut-down  site  retrograde  into  the  ascending  aorta. 

At  this  point  the  catheter,  because  of  its  preset,  would  tend  to 

form  into  a  loop.  We  found  that  we  were  able  to  advance  this 

loop,  with  point  of  flexure  midway  between  sonomicrometer  transducers, 

into  the  left  ventricle.  Once  within  the  left  ventricle,  with  the 
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point  of  flexure  resting  at  the  apex  of  the  heart,  the  tip  of  the 

catheter  was  free  to  spring  outward  and  contact  one  ventricular 

wall  while  the  main  body  of  the  catheter  was  in  contact  with  the 

* 

opposing  wall  (see  Fig.  1).  The  animal  was  placed  left  side  up  with 
the  sternum  elevated  about  30°  from  the  horizontal  and  the  catheter 
was  positioned  with  fluoroscopic  monitoring  so  that  it  came  to 
rest  with  the  loop  traversing  the  major  chord  of  the  left  ventricle 
parallel  to  the  interventricular  septum.  In  fact,  the  catheter 
exhibited  a  tendency  to  seek  the  largest  dimension  and  because  the 
transducers  are  radiopnque,  it  was  easy  to  determine  their  exact 
position  and  the  plane  of  orientation. 

The  electronic  measurements  were  made  using  a  technique 
essentially  identical  to  that  used  by  Stegall,  ot^  al  (10).  One 
transducer  is  made  to  produce  a  short  burst  of  5  mHz  ultrasound 
while  its  opposing  transducer  senses  the  instant  the  sound  wnve 
readies  it.  Knowing  the  velocity  of  sound  in  blood,  the  transit- 
time  measurement  io  proportional  to  distance.  The  sonomU romoter 


then  give;;  an  electrical  output  which  can  he  calibrated  to 
int  invent  r.i  culnr  diii'.en:, Lon . 

An Ima  1  I* xpe v  1  men t r> .  Four  adult  mongrel  dogs  weighing  15—3 8 

kg  were  anesthetized  with  sodium  pentobarbital.  The  right  femoral 

artery  was  exposed  so  that  the  left  ventricle  could  be  cathctcrizcd 

by  the  retrograde  approach  with  the  cardiac  dimension  catheter. 

The  left  ventricular  pressure  was  obtained  either  through  the 

central  lumen  of  the  dimension  catheter  or  through  a  second  catheter 

passed  retrograde  into  the  left  ventricle  by  way  of  the  left  carotid 
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artery.  Since  the  purpose  of  this  initial  study  was  to  record  left 
ventricular  dimensions,  little  effort  was  made  to  assure  that  the 
lumen  of  the  dimension  catheter  was  unobstructed.  Therefore,  it 
was  usually  necessary  to  use  a  second  catheter  (7F)  connected  to  a 
Stathnm  P23))b  pressure  transducer  for  the  measurement  of  the  left 
ventricular  pressure  to  insure  a  high  fidelity  response.  The 
electrocardiogram  was  obtained  from  three  subcutaneous  needle 
electrodes.  All  signals  were  inscribed  on  an  Electronics  for  Medicine 
recorder. 

After  the  placement  of  the  dimension  and  pressure  catheters,  a 
control  recording  was  obtained  over  a  30  minute  period.  After  this 
time  ieuprcl  (0.2/fg/kg-min)  wan  administered  intravenously  using  a 
Harvard  Apparatus  constant  infusion  pump.  At  the  peak  response,  the 
isuprcl  infusion  was  stopped.  When  the  measured  variables  had  re¬ 
turned  to  the  pre  isuprcl  controlled  state  angiotensin  (0.44/tgAg  win) 
was  infused  intravenously  until  the  peak  loft  ventricular  pressure 
reached  a  constant  level  at  which  time  this  infusion  was  stopped  and 
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the  parameters  a 1  loved  to  return  to  normal. 

RESULTS 

Figure  2  and  3  illustrates  a  recording  of  left  ventricular 
pressure,  left  ventricular  transverse  internal  diameter  and  ECO 
during  control  states  and  during  the  infusion  of  ir.uprel .  The  con¬ 
tour  of  the  transverse  internal  diameter  recording  as  well  as  the 
timing  with  respect  to  the  left  ventricular  pressure  and  KCG  is 
similar  to  that  previously  obtained  from  implanted  sonop.icvamctcrs , 

The  build  up  of  the  effect  of  isoproton nol  is  clearly  shown  in 
this  figure.  At  the  peak  effect  the  end  diastolic  and  end  :ystolic 
diameter  decreased.  The  average  mean  decrease  was  -6,4  ±  0.6  mm, 
s.d.  and  -6.8  ±  1.4  mm  respectively  (P< 0.01)  (Table  1).  This  re¬ 
sponse.  of  the  transverse  internal  diameter  cleanly  demonstrates  how 
an  inotropic  agent  increases  the  performance  of  the  heart. 

With  the  angiotensin  infusion  the  increase  in  left  ventricular 
systolic  pressure  was  accompanied  by  an  increase  in  the  transverse 
internal  diameter.  Too  elevated  afterload  increased  the  end  systolic 
diameter  (+4.9  i  0.8  imt  P<0.01)  move  than  the  end  diastolic  dia.>cu-r 
(+2.8  osa  l  0.3  mm,  P<0,01),  illustrating  a  decrease  in  shortening 
of  the  myocardial  fillers.  Again  the  recordings  in  this  figure  are 
similar  to  those  obtained  from  the  sonoMicrocieteru  itsplanted  on  the 
endocardial  surface  of  the  left  ventricle. 

Although  pressure  recordings  ware  not  routinely  wade  with  the 
dimension  catheters  used  in  this  study,  the  catheter?-  ran  be  con- 
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strutted  so  that  the  lumen  will  ho  adequate  for  high  fidelity 
pressure  measurements.  The  catheter  a.*;  demon r.t rated  in  this  study, 
provides  a  unique  way  of  evaluating  left  ventricular  internal  di¬ 
mensions  of  the  heart  on  a  bcat-to-bcct  basis.  In  addition  to  the 
general  advantage  of  rise  ultrasound  tcelmique,  the  piezoelectric 
crystal s  are  radiopaque  and  thus  allow  for  easy  visualization  of 
the  plane  of  measurement  and  the  movement  of  the  piezoelectric  crystal 
against  the  anterior  and  posterior  endocardial  surface.  In  all  dogs 
the  number  of  premature  ventricular  contractions  occurring  during 
the  positioning  of  this  catheter  were  similar  to  those  obtained 
during  routine  catheterization  of  the  left  ventricle  and  were 
transient.  Thus,  this  technique  should  be  extremely  valuable  in 
the  assessment  of  left  ventricular  function  in  nonthoracotomizcd 
animals  and  with  refinement  may  be  of  value  in  diagnostic  left  heart 
catheterization  in  patients  with  heart  disease. 
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The  animals  involved  in  thin  study  were  maintained  in  accordance 
with  the  Guide  for  Laboratory  Animal  Facilities  and  Care"  as  published 
by  the  National  \cadcm_,  of  Sciences  -  National  Research  Council. 
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Fig.  1.  Cutaway  view  of  the  left  ventricle  showing  the  dimension 

catheter  entering  through  the  leaflets  of  the  aortic  valve 
and  resting  in  a  plane  parallel  to  the  interventricular 
septum. 

Fig.  2.  Control  recordings  taken  before  isvprel  infusion  showing 
electrocardiogram,  left  ventricular  internal  diameter  and 
left  ventricular  pressure.  Note  the  presence  of  the 
characteristic  increase  in  ventricular  diameter  which  is 
synchronous  with  atrial  contraction. 

Fig.  3.  Taken  during  isuprcl  infusion  decreases  in  both  end  diastolic 
diameter  and  end  systolic  diameter  are  clearly  discernible 
as  the  diameter  recording  is  scanned  f’  .a  left  to  right. 
Increased  peak  left  ventricular  pressure  above  control  re¬ 
cordings  (Fig.  2)  indicates  the  potent  cardiac  stimulating 
effect  of  this  beta-adrenergic  sympathomimetic  drug. 
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The  effects  of  acetylcholine  and  norepinephrine  at  10  to  10  M  were 

obtained  for  isolated  rabhit  atria.  Toe  minimum  negative  chronotropic 

-7  -t> 

response  occurred  at  10  K  acetyldtoline  while  1.0  H  produced  a  ma>dm!.ira 
decrease  in  rate,  norepinephrine  caused  a  maximum  positive  chronotropic, 
response  at  lG_Si.  The  effects  of  fixed  concentrations  of  norepinephrine 
on  the  chronotropic  response  to  acetyldtoline  and  vl?sc  versa  were  deter¬ 
mined.  Acetylcholine  <10"7>  10~6,  Hr5M)  shifted  the  norepinephrine 

curve  to  the  right.  ^Atropine  (0.1  mgX)  abolished  the  influence  of  acetyl- 

-7  *6  r 

choline.  Norepinephrine  (10  ,10  _ _ ri)  increased  heart  rate  above 

control  when  10  *Vl  acetylcholine  was  present.  Propranolol  (10~^ll)  pro-  . 
vented  the  influence  of  norepinephrine.  As  the  concent  ration  of 

'  V  {.  ■  '■  . 

acetylcholine  was  increased,  norepinephrine  became  less  effective  in 
altering  acetyl cholic  V  chrtjjotrbplc  response.  When  both  ncurotram;- 
miltcrs  were  present  in  equimolar  con  cent  rat  .ton  s ,  a  pure  cholinorg’c 
effect  was  seen.  For  any  no"r^inephrin</aeetylc’u»lvue  ratio,  the  off  her' 

r. .  •.  ’v’  '•  * 

could  not  bo  expressed  as  the  irfgenrnit;  sum  of  the-  two  separaiiv  effect ». 
Kinetic  constants  were  estiia.it ej  Cor  norepinephrine  alone' and  in  the  y 
presence  of  10  rl  and  10  ?i  acetylcholine,  values  'tsere.  0A.5JJ,  ,f*5,7K 

and  00.9%  while  the  Km  values  were  A.IkIO^H,  and  A.SxKlr 

vtvpcctivi'ly.  The  results  of  thu  present  study  # aiggcat  .that.  duriu^ 
vagal  and  syiennlhctic  ::t iotiialion,  the  cho.liwv.vglc  has  list* 

s'.,  -,N  >,  "i 

‘  •'  :*  *  '  ‘  >v 

greater  influence  on  the  ch emuH »vp i c  response  of  rabbit  atrljs. 
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Tin*  .sinoatrial  noth'  recoi vw;  It!',  nerve  supply  from  both  the 
parusyropatheti  e  ami  sympathetic  divisions  of  the  mil  onomi  c  nerve 
system.  Under  most  conditions  both  sets  of  nerves  are  ton] cully 
active.  Since  some  tonic  activity  usually  exists  in  both  divisions 
of  the  nut onomi c  nervous  system,  a  satisfactory  quantitative  de¬ 
scription  of  the  autonomic  control  must  take  into  account  the  re¬ 
sponse  to  simultaneous  activity  in  both  the  sympathetic  and  para¬ 
sympathetic  nerves  (Levy  and  Zieske ,  1969). 

Hunt  (1597)  concluded  that  the  change  in  heart  rate  resulting 
from  simultaneous  stimulation  of  the  t  ro  sets  of  nerve  fibers  can 
be  expressed  as  the  arithmetical  mean  of  the  results  of  stimulating 
each  set  of  nerve  fibers  separately.  Roscnblueth  and  Si moon c  (1934) 
described  mathematically  the  autonomic  neural  control  of  cardiac 
paceinaker  activity.  They  stated  tnat  simultaneous  excitation  of 
the  accelerator  and  decclcmtor  nerves  provoked  a  charge  in  rate 
which  cannot  be  expressed  as  the  algebraic  summation  of  the  re.'.por.str 
to  separate  stimulation.  Stimulation  of  the  vagus  at  various  freqsun 

r 

clcs  resulted  itt  the  same  percent  change  in  heart  rate  of  the  corre¬ 
sponding  banal  rate  independent  of  Lite  prevailing  level  cf  the 
sympathetic  nerves  and  vl.e  versa.  Samoan  (193I>)  caserwd  thet  the 
ant  agonis;**  between  the  cardi o-.iecelcr.nto r  and  the  cordio* inhibit ory 
nerves  on  the  rvtjm  of  the  ventricular  mr  cle  is  in  the  algebraic 
sum  of  the  two  Ce-puni  -it  s,  but  that  vagal  ac'ivJiy  had  a  i  .e»v  pre- 
valeut  influence.  Wa me r  and  Russell  (lyVj)  p:v*anied  a  >uMiev.at  Seal 
■odd  iliu:U  rating  the  effect  of  combined  xympathetic  and  vagal 
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s.t  i  Diul.si  id.i  mi  III  -  sinoatrial  I'ri’ijmncy  in  the  .  These  result  s 
and  Ini'-.-  oat  a  in.  (1  1  »y  levy  and  Zieske  (1969)  are  in  agreement  with 
Sa. ii. i.  u  (l')H'i).  Recent  1  y  Grodner  tjt_  al  .  ,  (l‘)70)  described  the-  inter¬ 
action  of  acetylcholine  and  norepinephrine  on  isolated  rat  atria.  The 
results  obtained  hy  these  investigators  were  qualitatively  in  agreement  with 
our  findings  (Carrier  and  Bishop,  1970).  However,  the  concentrations  of 
acetyl  dm!  ine  over  the  range  employed  by  Grodr.er  were  one  hundred  times 
the  concent  rations  of  norepinephrine,  and  this  difference  could  he  con¬ 
sidered  to  have  biased  the  results  in  favor  of  acetylcholine’s  effect. 

These  investigators  (Crodr.  e£.  al.  ,  1970)  stated  that  the  con  centra- 
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tions  of  acetylcholine  (10  K  to  10  M)  employed  to  cause  a  slowing  in 
rate  of  the  rat  atrium  were  not  unreasonable  since  the  sinoatrial  node' 
possesses  a  relatively  high  cholinesterase,  activity.  However,  Roberts 
and  KnojovLc  ( i 9 GO )  were  able  to  demonstrate  a  slowing  of  the  rat 
atrium  will,  acetylcholine  in  a  range  100-fold  less  than  that  employed 
by  Grodis-r.  Tlu-re  seems,  to  be  a  discrepancy  in  the  minimum  dose  of 
acetyl  choline  required  in  order  to  cause  a  decrease  in  heart  rate  in 
rat  atrium.  The  concentrations  of  acetylcholine  employed  in  the  present 
study  arc  in  agreement  with  Roberts  and  Knojovic  (1969)  and  the  decrease 
in  heart  rate  seen  with  the  concentration  range  used  in  this  study 
are  quantitatively  similar  to  the  results  obtained  by  these  investi¬ 
gate  Its. 

Tin-  purpose  of  the  present  study  was  to  investigate  the  inter¬ 
act  i  us.  between  acetylcholine  and  norepinephrine  on  the  chronotropic 

response  in  rabbit  at  ria  in_  vitro  so  that  a  quantitative  relat  ionship  j 

1 


o  r  / 

.25J 


N0T  REPRODUCIBLE 


between  tin.?  two  nc-urolr.!!v:iiii  tt  ers  could  Ik?  established.  The;  conc.-n- 
t rat  ion  ran;;;-  was  the?  .same  foe  bot  h  agent  r  and  all  possible  combi  ti¬ 
nt  1  on:;  weir  investigated, 

METHODS 


Albino  rabbits  of  either  sex  and  weighing  approximately  2  pounds 
wore  used  in  this  study.  Animals  were  sacri ficed  by  a  blow  to  the 
head  and  were  bled  from  the  carotid  artery.  The  hearts  were  rapidly 
excised  and  placed  in  oxygenated  Ringer’s  solution.  The  spontaneously- 
beating  right  and  left  atria  were  dissected  free  and  suspended  in  ar. 
organ  bath  containing  ICO  ml  of  Ringer’s  solution,  pH  7.0  of  the 
following  composition:  NaCi,  3  54  rc>5;  KCl,  5.4  r.tM;  CaCl^ »  2.4  mM ; 

NaCO..,  6  mM;  and  dextrose,  11  r.;M  to  one  liter  of  double  distilled  be- 
ionized  water.  The  .organ  bath  was  continuously  oxygenated  with  55% 
oxygen  -  5%  carbon  dioxide  and  maintained  at  a  constant  temperature 
of  31°C  during  the  experiment .  limned!  at  el  y  upon  placing  the  spon¬ 
taneously-beating  atria  in  the  bath ,  one-  gram  of  diastolic  tension 
was  applied.  The  preparations  were  allowed  to  oqui  3 :ih rate  for  one 
hour  or  until  a  constant  heart  rate  and  tension  were-  maintained. 

Drugs :  Drugs  used  in  this  study  were  1-ner- "pinephri.no  biturf  rate 
(Sigma  Chemical  Company)  and  acelyichol  im-  bromide  (Nutritional  lli.o- 
cheiiilr.nl  Corporation)  .  All  drug:;  were  solubilized  in  double  dis¬ 
tilled  deionized  water.  Drug  concent  rat i ons  were  calculated  in 
terms  of  the  salt  and  were  prepared  30  minutes  prior  to  each  experiment 
lhanocol:  After  the  initial  equilibration  period,  the  .influence? 


of  various  concent  rations  of  no -t  yl  choline  and  norepinephrine  alone 
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and  in  various  combinations  on  t lit*  chronolropi c  response  of  isolated 
rabbit:  at  via  was  monitored  with  n  Beckman  Cnrdiotachometcr  and  a 
Type  UXi  Dynagraph .  Doso-rasponse  curves  were  constructed,  each  curve 
representing  a  different  group  of  rabbit  atria.  After  each  exposure 
of  the  atria  to  a  certain  concentration  of  the  drug  or  drugs,  the  prepar 
tions  were  washed  twice  with  Ringer’s  and  allowed  to  reequilibrate  to 
baseline  before  subjecting  them  to  additional  exposures  of  the  drug 
or  drugs.  During  the  course  of  these  experiments  all  atria  prepara¬ 
tions  that  developed  arrhythmic  activity  were  discarded.  The  follow¬ 
ing  dose-response  relationships  were  obtained: 

(a)  Effects  of  acetylcholine  on  the  chronotropic  response 

(b)  Effects  of  norepinephrine  on  the  chronotropic  response 

(c)  Influence  of  various  concentrations  (10  ^M,  10  Si,  10  ^M) 
of  norepinephrine  on  the  normal  acetylcholine  heart  rate 
response 

-7  -6  -5 

(d)  Influence  of  various  concentrations  (10  M,  10  M,  10  M) 
of  acetylcholine  on  the  normal  heart  rate  response  to 
norepinephrine 

(e)  Interaction  of  acetylcholine  and  norepinephrine  in  equimolar 

concentrations  (10  ^li,  10  ^M,  10  ^M)  on  the  chronotropic  re- 

> 

sponse  of  spontaneously  beating  rabbit  atria 
In  the  experiments  where  the  heart  rate  response  war.  monitored  after 
the  addition  of  various  combinations  of  the. agents  used,  the  atria 
were  subjected  to  each  of  the  agents  separately,  and  time,  was  allowed 
for  its  full  response  to  take  place.  Immediately  after  responding  to 
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the  first  agent ,  the  next  drug  was  added  to  the  bath.  Addition  of  both 
agents  simultaneously  was  done  in  a  few  of  the  experiments,,  but  the 
final  heart  rate  response  shoved  no  difference  from  the  protocol 
c;  1  oye  d . 

Data  Analysis:  . Changes  in  heart  rate  are  expressed  as  percent: 
change  of  the  control  heart  rate  after  the  equilibration  period. 
Statistical  analysis  was  performed  according  to  Student’s  t  test. 

The  kinetic  values  presented  were  obtained  by  the  use  of  Linewonver- 
Burk  plots;  calculations  were  done  on  a  Ollivetti  101  desk  computer. 
RESULTS 

Influence  of  norepinephrine  on  acetylcholine’s  chronotropic  ra¬ 
sp  on  sc .  Wien  acetylcholine  was  added  to  the  hath  a  negative  chrono¬ 
tropic  response  occurred  in  the  spontaneously-beating  rabbit  atria 

-7 

(Fig.  1).  The  minimum  response  was  obtained  with  10  M  acetylcholine 

which  caused  an  approximate  5%  decrease  in  heart  rate.  In  the  presence 

—8  —7  — —5 

of  10  K  acetylcholine,  all  three  concentrations  (10  M,  10  M,  10  M) 

of  norepinephrine  caused  an  increase  in  heart  rate,  above  control  level. 
The  change  in  heart  rate  was  comparable  to  that  seen  with  these  con- 

_7 

cent  rations  of  norepinephrine  alone  (Fig.  2).  However,  10  H  nor¬ 
epinephrine  had  no  effect  in  altering  the  negative  chronotropic  re- 
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sponsc  to  10  M  or  greater  concentrations  of  acetylcholine.  Con centra - 
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tiona  of  10  M  and  10  M  norepinephrine  were  effective  in  maintaining 
a  heart  rate  above  control,  until  acetyl  choline  was  present  at  con¬ 
centrations  of  10  or  greater.  A  few  preparat  ions  wore  treat  ed  'with 
-1 

10  M  propranolol  which  blocked  the  influence  of  norepinephrine. 
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Kffi'ii  of  .icot  yl  choline  on  no  rep  inephrine positive  chrono¬ 
tropic  response ;  Figure  2  illustrates  the  positive*  chronotropic  re¬ 
sponse*  to  norepinephrine  with  the  maximum  heart  rate,  response  occurring 
at  10  norepinephrine.  All  three  concentrations  (10  ^M,  10  ^M,  10  \l) 
of  acetylcholine  resulted  in  the  normal  dose-response  curve  being 
shifted  to  the  right.  However,  when  norepinephrine  was  present  in 
concentrations  of  10  "*M  and  greater,  10  acetylcholine  did  not  sig¬ 
nificantly  alter  the  normal  norepinephrine  heart  rate  response.  Acetyl- 
—6 

choline  (10  h)  significantly  altered  norepinephrine’s  chronotropic 
-3 

response  until  10  M  norepinephrine  wap  present.  At  this  concentration 

of  norepinephrine  the  maximum  response  obtained  was  not  significantly 

different  (F-*C.0.1)  from  the  normal  maximum  response.  Acetylcholine 
*~6  “5 

10  1'  and  10  M  altered  the  normal  norepinephrine  dose-response  rela¬ 

tionship  in  such  a  manner  that  the  same  maximum  response  was  obtained 
but  at  higher  concentrations.  A  few  preparations  were  pretreated  with 
0.1  mg%  atropine  which  prevented  the  influence  of  acetylcholine. 

The  kinetic  values  in  Table  1  were  obtained  using  a  Lin  ©weave  r- 

Burk  plot.  The  Vmnx  value  for  norepinephrine  alone  and  in  combination 
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with  10  M  and  10  >t  acetylcholine  are  not  significantly  different. 
However,  there  is  a  significant  difference  in  the  Km  values.  This  in¬ 
dicates  that  acetylcholine,  computively  antagonizes  norepinephrine’s 
chronol ivp i.c  response  on  isolated  rabbit  atria. 

Interaction  of  acetyl  dud  Lne  and  norepinophri.no  in  equimolar  con- 
conl  rat  ions :  Figure  3  illustrates  the  chronotropic  response.  of  isolated 
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rabbit,  atria  when  norepinephrine  and  acoty  1  .'hul  im?  arc  p l'c- sent  in 
equimolar  concentration:;.  It:  is  evident  from  tills  data  that  changes 
in  heart  rate  when  both  ncu  rot  ran  emitters  are  i>re:;ent  cannot  be  ex¬ 
pressed  as  the  mathematical  sum  of  the  two  separate  effects.  Theoretically, 

when  10  norepinephrine  (which  causes  an  approximate  43%  increase  in 

—6 

heart  rale)  and  10  M  acetylcholine  (which  causes  a  23%  decrease  in  heart 
rate)  are  present,  the  resulting  rate  should  he  a  20%  increase  if  the 
new  heart  rate  can  be  expressed  as  the  rnath.-matical  sum.  Experimentally 
this  was  not  the  case.  If  norepincphi'ine  is  added  first  and  then  acetyl¬ 
choline  or  vice  versa,  the  resulting  heart  rale  was  a  pure  cholinergic 
response.  There  was  no  difference  between  the  experimental  data  obtained 
when  the  two  agents  were  present  in  equimolar  concentrations  and  when 
acetylcholine  was  present  alone  at  the  same  concentrations. 

DISCUSSION 

Several  attempts  (Rosenblucth  and  Sitmvne,  1934;  Warner  and 
Russell,  I960)  have  been  made  to  develop  a  mathematical  model  of  the*, 
autonomic  neural  control  of  the  heart  with  particular  reference  to  heart 
rate  control.  Such  a  model  must  take  into  account  the  influence  of 
both  the  parasympathetic,  and  sympathetic  nerves  and  the  interaction  of 
these  two  systems  since  they  are  both  t on. i  cutty  active,  bevy  and 
Zieske  (.1909),  by  electrically  stimulating  the  right  stellate  ganglion 
and  the*  left,  vagus  trunk,  concluded  the.  inti* ruction  war.  such  that  the 
influence  of  a  given  level  of  sympathetic  art  ivity  became  progressively 
loss  pronounced  as  the  love.1  of  vagal  act  ivity  increased. 

In  the  present  study,  flic*  data  clearly  indicates  that:  the  vagus 
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transmitter  (acetylcholine)  ha;;  a  greater  affinity  for  the  mechanism 
responsible  for  alterations  in  heart  rate  than  does  norepinephrine 
(sympathetic  transmitter)  when  both  transmitters  arc  present.  When 
the  isolated  atria  are  subjected  to  acetylcholine  or  norepinephrine, 

separately  a  slowing  or  acceleration  in  heart  rate,  respectively, 

—8 

occurred.  In  the  presence  of  acetylcholine  (10  M) ,  norepinephrine 
at  concentrations  used  in  this  study  caused  a  significant  increase  in 
heart  rate  (Fig.  1)  equivalent  to  that  seen  when  these. same  concen¬ 
trations  of  norepinephrine  were  added  alone  (Fig.  2).  At  this  con¬ 
centration  of  acetylcholine  we  can  assume  that  there  was  virtually 
no  cholinergic  influence  present.  Therefore,  one  would  expect  to  see 
a  pure  adrenergic  response.  Increasing  the  concentration  of  acetyl- 
choline  to  10  n  or  10~  M  resulted  in  significantly  higher  doses  of 
norepinephrine  being  required  to  obtain  the  same  maximum  response 
(Fig.  2)  or  reverse  the  slowing  effect  of  acetylcholine  (Fig.  1).  In 
the  presence  of  10  ’’m  acetylcholine  which  caused  an  approximate  GO  %  de 
pression  in  rate,  concentrations  of  norepinephrine  at  least  100-fold 
greater  than  that  of  acetylcholine  were  required  to  cause  a  slight 
reversal  of  acetylcholine's  effect.  We  did  riot  achieve  maximum 
response  with  norepinephrine  in  the  concentration  range  employed  when 
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studying  the  interaction  with  10  M  acetyl  choline .  This  concentration 
ol'  acetylcholine  had  a  profound  effect  on  the  heart  rate  response. 

In  fact,  it  resulted  in  Complete  arrest  of  sevji'al  of  the  atrial 


QuautitaLing  the-  resultant  change  in  heart'  rate  when  both 
the  sympathetic  and  parasympnthet  it:  nerve  fibers  arc  stimulated  simul¬ 
taneously,  two  different  con'clusi oar.  have  been  put  forth.  Hunt  (.1897) 
stated  that  the  resultant  change  in  heart  rate,  when  both  sets  of 
nerve  fibers  are  stimulated,  reflects  a  mathematical  summation  of 
the  two  separate  effects.  Rosonhlucth  and  Simeone  (1934) ,  on  the 
other  hand,  concluded  that  the  influence  of  each  division  of  the  auto¬ 
nomic  system  is  exerted  independently  of  the  other.  According  to 
these  investigators  (Rosonblueth  and  Simeone,  1934),  the  change  in 
heart  rate  when  both  acetylcholine  and  norepinephrine  are  present 
in  the  bath,  reflects  the  order  in  which  the  substances  were  added. 
Acetylcholine's  effect  on  heart  rate  should  he  independent  of  the 
presence  of  norepinephrine  and  vice  versa.  The  present  study  does 
not  support  either  of  these  different  ideas.  When  equimolar  con¬ 
centrations  of  both  norepinephrine  and  acetylcholine  are  present, 
a  pure  cholinergic  response  was  obtained.  No  difference  was  seen 
whether  acetylcholine  or  norepinephrine  was  added  to  the  hath  first. 
Also,  when  both  substances  wove  present  in  effective  concentrations 
the  resultant  change  in  heart  ra'  -  could  not  be  expressed  ns  a 
algebraic  sum  of  the  two  separate  effects. 

The  present  data  suggests  a  competitive  type  interaction  be¬ 
tween  the  two  neurotransmi tiers  changes  in  heart  rate.  Furehgott 
et  nl. ,  (I960)  has  reported  a  similar  finding  in  the  electrical 
activity  of  stimulated  guinea  pig  atrium;  however,  one  must  be  cautious 
in  Interpreting  the  competition  between  acetylcholine  and  norepinephrine 
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on  tin'*  li'-art  rate  response.  Since  atropine  prevented  acetylcholine 
from  hit  o  met  i  ng  with  norepinephrine*  and  propranolol  prevented  nor¬ 
epinephrine  from  influencing  acetylcholine,  we  can  conclude  that  the 
cholinergic  and  beta  adrenergic  receptors  are  not  the  site  of  the 
drug  interaction  observed  in  these  studies. 

If  one  considers  a  hypothetical  receptor  (RX)  which  niediau.  • 
frequency  changes  in  the.  heart,  then  the  antagonism  between  mr- 
epinephrinc  and  acetylcholine  can  be  explained  schematically  as 
sliov.ni  in  Figure  4.  In  Figure  .  it  is  suggested  that  acetylcholin  * 
attaches  to  a  cholinergic  "atropine  sensitive"  receptor  which  effects 
RX  in  an  unknown  manner  to  cause  an  alteration  in  ionic  conductance 
resulting  in  depression  of  pacemaker  activity.  Norepinephrine  in  a 
similar  manner,  first  combines  with  a  "propranolol  sensitive"  site 
resulting  in  changes  occurring  at  RX  which  causes  favorable  ionic 
changes  for  the  acceleration  of  heart  rate.  This  model  allows  one 
to  envision  the  involvement  of  a  common  system  which  mediates  changes 
in  rate  a. id  a  site  RX  at  which  the  two  ncurotransmi teers  can  compete. 
The  nature  of  RX  is  unknown  at  this  time  and  the  feasibility  of  its 
existence  cannot  be  accepted  without  questions.  The  present  study 
presents  no  evidence  for  the  nature  of  RX  or  its  existence,  hut  the 
possibility  that  it  docs  exLst  can  explain  the  kinetic  values  obtained 
in  the  present  study. 

Changes  in  heart  rate  result  from  alteration  of  electrical 
act  ivity  in  tin;  sinoatrial  region  of  the  heart  .  The  chief  dlsti.n- 
quLshing  characteristic  of  the  pacemaker  region  is  that  the  membrane 
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of  Liu.-  pacemaker  fiber:,  is  never  complete1  y  at  i*e:;t  and  always  hat: 
a  tendency  to  depolarize  (Draper  and  V.’eidmann,  1951;  West,  1955).  The 
slow  depolarization  that  occurs  during  diastole  has  been  called  the 
"pacemaker  potential"  by  llutter  and  Trautwein  (1956).  It  has  been  proposed 
that  the  pacemaker  potential  results  from  time  and  voltage  dependent 
alteration  in  sodium  and  potassium  conductance  (Trautwein,  1963). 

One  explanation  of  the  observation  of  the  present  study  could 
be  that  acetylcholine  has  a  greater  affinity  than  norepinephrine  for 
the  mechanism  responsible  for  changing  potassium  permeability. 

Acetylcholine  has  been  shown  to  affect  the  electrical  activity 
of  the  pacemaker  fibers  and  it  has  beer*  proposed  that  the  effect 
seen  is  due  to  a  selective  increase  in  potassium  permeability  (Hoffman  g 

i 

and  Cranefield,  1960).  Weidmann  (1956)  has  suggested  that  a  increased 
permeability  to  potassium  could  inhibit  an  inward  movement  of  sodium 
during  diastole ,  thus  preventing  complete  depolarization  from  occurring. 

After  the  application  of  epinephrine  to  pacemaker  fibers  the  rate 
at  which  pacemaker  potentials  develop  is  increased  (Hoffman  and 
Cranefield,  19r'0).  However,  a  decrease  in  potassium  permeability  has 
not  been  demonstrated.  It  lv*s  been  suggested  that  epinephrine  net:; 
directly  on  the  excitatory  mechanism  of  the  cell  membrane ,  perhaps 
by  making  available  more  sodium  carrier  (Hut  tor,  1957). 
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LEGENDS 

Wj’.ure  1:  Influence  of  norepinephrine  on  acetyl  choline  'a  chronotropic 

responses  in  rabbit  atria.  I - 1  illustrates  the  dose  response  rcla- 

—  7  —ft 

tionship  of  acetylcholine.  The  effect  of  10  M  (A . A),  10  M 

(0.-.-.0)  and  10  (® - 0)  norepinephrine  on  acetylcholine's  chrono¬ 

tropic  response.  All  points  represent  the  mean  %  change  ±  SEN. 

Figure  2;  Influence  of  acetylcholine  on  norepinephrine's  chronotropic 

responses  in  rabbit  atria.  • - 1  illustrates  the  dose-response 

—7  “6 

relationship  of  norepinephrine.  The  effect  of  10  M  (A - A),  10  M 

(0 - 0)  and  10  (SS - E2)  acetylcholine/norepinephrine's  chrono¬ 

tropic  response.  Midpoints  represent  the  mean  %  change.  The  vertical 
bars  represent  the  SEN. 

Figure  3:  Interaction  of  norepinephrine  and  acetylcholine  in  equimolar 
concentration.  0 — — 0  illustrates  the  normal  norepinephrine  chrono¬ 
tropic  response  and  O'  - - 1  illustrates  acetylcholine's  chronotropic 

response.  6.-.-.#  represents  the  theoretical  responses  if  the  inter¬ 
action  of  the  two  neurotransmitters  can  be  expressed  as  the  algebraic 
sum  of  the  two  separate  effects.  The  experimental  results  are  repre¬ 
sented  by  & . ^.(influence  of  norepinephrine  in  the  presence  of 

acetylcholine)  and  0 - 0  (influence  of  acetylcholine  in  the  presence 

of  norepinephrine). 


Studies  in  progress 

a  Effects  of  atrial  pacing  (Fig.  I  &  Table  I) 

b  Effects  of  increases  in  afterload  (Tables 
II  &  III) 

c  Effects  of  atrial  pacing  on  increases  in 
afterload  (Tables  II  &  III) 
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Ronald  I).  Huffman 

V 

Air  Force  P rag  re:. »  Report 

Central  Nervous  System  -  Synaptic  Transmission  in  the  Central  Nervous  System 

A.  Study  of  the  effects  of  psychotomimetic  and  convulsant  drugs  on  spinal 
and  supraspinal  inhibitory  mechanisms. 

1 .  Progress  Report 

During  the  past  twelve  months,  we  have  been  studying  the  effects  of  the 
psychotnrm r>->*u ic  drugs  on  cerebellar  disfacilitatlon  and  reticular  inhibition 
of  the  segmental  monosynaptic  potentials.  The  results  of  our  experiments 
(Figures  1  -  12)  demonstrate  a  marked  contrast  in  the  sensitivity  of  these 
two  irhibitory  systems  to  the  action  of  the  psychotomimetic  drugs.  So  far, 
we  have  studied  the  effects  of  LSD,  mescaline  and  bufotenine  on  both  types 
of  supraspinal,  inhibition  of  the  segmental  monosynaptic  action  potentials. 

In  addition,  the  effects  of  these  drugs  on  reticular  inhibition  of  the  rnono- 
‘  synaptic  patellar  reflex  have  been  studied  in  numerous  experiments. 

Cerebellar  disfacililation  of  both  extensor  and  flexor  monosynaptic 
potentials  was  completely  blocked  with  intravenous  injections  of  LSD 
(Fig,  1,  3),  After  lOO-ZOOpg/kg  of  LSD,  the  segmental  monosynaptic 

potentials  were  no  longer  inhibited  as  a  result  of  cerebellar  stimulation; 
in  fact,  a  pronounced  facilitation  of  the  segmental  potentials  was  observed 
with  cerebellar  stimulation  following  LSD  (Fig,  1C,  2C,  3D).  Equivalent 
doses  of  LSD  had  no  effect  on  the  reticular  inhibition  of  the  segmental 
monosynaptic  action  potentials  or  the  monosynaptic  patellar  reflex  (Fig,  9). 

Similar  results  were  obtained  with  bufotenine  and  mescaline  on 
coi n>br‘l!nr  dir- facilitation  (Fig.  4,  5).  Like  I.SD,  these  drugs  completely 
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eliminated  the  cerebellar  cU:;f;.u  dilution  of  the  segmental  monosynaptic 
potentials  and  revealed  an  underlying  fat*  Llit.ii  ion  (Fig.  dll,  r>C).  The 
resistance  of  reticular  inhibition  to  bufotenine  and  mescaline  is  illustrated 
in  Figures  10  and  6,  respectively.  Doses  of  bufotenine  ?.  to  3  times  that 
required  Lo  block  cerebellar  disl acilitation  of  the  segmental  m  nosynaptic 
potentials  had  no  effect  on  reticular  inhibition  of  these  potentials  or  of  the 
patellar  reflex.  These  higher  doses  of  bufotenine  markedly  depressed  the 
segmental  monosynaptic  potentials  and  the  patellar  reflex  (Fig.  10).  The 
dose  ol  bum.  '.hat  depressor  the  rerc!>«lt^i  dir  facilitation  (aOOpg/kg)  is 

also  the  dose  that  produces  the  abnormal  .somatomotor  effects  in  conscious  ' 
intact  cats. 

Psilocybin  had  n  >  effect  on  reticular  inhibition  of  the  monosynaptic 
patellar  reflex  (Fig.  8  A)  or  of  the  polysynaptic  linguomandibular  reflex 


(Fig.  811),  It  did,  however,  produce  a  marked  potentiation  of  the  linguo- 
'  mandibular  reflex.  .'.Indies  on  the  effects  of  psiloc  ybin  on  cerebellar 
dis» facilitation  and  reticular  inhibition  of  the  segmental  monosynaptic 
action  potentials  are  being  conducted  at  the  present  time. 


Some  preliminary  results  from  studies .y.dlh  -\*  -let  rahydror  atuv'dnol 
(THC),  the  active  principle  in  m.i ri  hunna,  and  Ditr.vn,  an  a.ntichoiitW' rgie 
glycolate  ester  (also  a  hallucinogenic  compound)  indicate  that  these 
psychotomimetic  drugs  have  a  depressant  effect  on  the  reticular 
inhibitory  system.  THC  completely  bind  i  d  reticular  inhibition  of  the 
segmental  monosynaptic  potentials  (Fig.  7).  The  reticular  inhibition  of 
these  ootcnlinls  was  replaced  by  a  marked  facilitation  (1  ig.  71V.  C). 
Ditran  similarly  blocked  reticular  inhibition  of  tin*  monosynaptic  pat  liar 
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relic::  in  liiror  ;:l ml ies  ( !•* i;; •  1  !,  12).  This  eifeels  of  llu:sc  drugs  on 
i  t  rehellar  di st'.-r ilitnlion  of  ihe  segmental  monosynaptic  potentials  arc 
presently  he  in;;  investigated. 

It  is  possible  that  some  of  tlu*  psychotomimetic  drugs  may  exert  a 
direct  depressant  effect  upon  the  inhibitory  Purkinje  neurons  of  the  cerebellum 
and  thus  depress  the  functioning  of  these  neurons.  This  would  prevent  the 
Purkinje  neurons  from  exerting  their  normal  inhibitory  action  on  their 
target  neurons  --  the  tonically  active,  excitory  neurons  of  the  deep  cerebellar 
nuclei  (fastiginl,  dentate,  interpositus)  and  the  lateral  vestibular  nuclei 
(Deiter's  nucleus). 

Deitev's  nucleus  is  a  major  source  of  descending  excitatory  input  to  the 
spinal  motoneurons  and  the  activity  of  Deiter’s  neurons  is  under  the  direct 
cor  rol  of  the  inhibitory  Purkinje  neurons  of  the  cerebellum.  Any  depression 
of  Purkinje  neuronal  activity  by  the  psychotomimetic  drugs  would  rcdvice 
.the  cerebellar  disfacilitation  of  the  segmental  monosynaptic  potentials  and 
at  the  same  time  give  rise  to  a  facilitation  of  the  uninhibited  potentials 
(Fig.  1C;  2C). 

Another  possibility  is  that  the  psychotomimetic  drugs  arc  interfering 
with  the  release  or  action  of  the  transmitter  released  by  the  Purkinje  cells 
to  inhibit  Deiter's  neurons.  Recent  experimental  studies  suggest  that  gamma 
nmiivobuly ric  acid  (GABA)  is  the  Iran* milter  released  by  the  cerebellar 
Purkinje  cells*  to  inhibit  Deiter's  neurons  (Curtis,  Duggan  and  Felix,  1970; 
Obata,  ho,  Oehi,  and  Sr.lo,  1 9d?;  Obyta,  Otauka  and  Tanaka,  1970),  GABA 
has  also  been  implicated  as  the  transmitter  involved  in  producing  the  primary 
affei  nl  dvpolar i/n’ion  that  is  presumably  associated  with  pr  exy  naptlc 
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inhibition  (Fcclcs,  Schmidt  and  Willis,  I'jG'-i;  Levy,  Repkin  and  And*: r ..on, 
1971). 

Our  observations  that  LSD,  bufotenine,  and  mescaline  suppress 
cerebellar  disfaeilit alien  of  the  segmental  monosynaptic  action  potentials 
support  our  suggestion  that  these  drugs  may  be  acting  at  the  level  of  the 
cerebellum  to  alter  normal  ccrebdiar  somatomotor  cont  rol.  The  recent 
studies  implicating  GALA  as  the  inhibitory  transmitter  released  by  the 
Purkinje  neurons  to  inhibit  Deiter's  neurons  suggested  to  us  the  possibility 
that  the  psychotomimetic  drugs  may  he  blocking  this  GABA  mediated  system. 

Recent  reports  by  Curtis,  Duggan.  Felix  and  Johnston,  1970,  suggest 
that  the  convulsant  alkaloid  bicuculline  is  a  pot  or.1.  GABA  antagonist.  There¬ 
fore,  we  decided  to  compare  the  effects  of  this  GABA  antagonist  and  the 

✓ 

psychotomimetic  drugs  on  spinal  and  supraspinal  inhibition  of  the  segmental 
potentials.  Twenty-four  cats  have  been  used  in  this  experimental  investigation. 
The  results  of  tins  study  will  bo  presented  at  the  Fall  Pharmacology  Meeting. 
A  short  communication  on  these  results  is  also  being  submitted  to  Brain 
Research  (see  included  abstract). 

Twenty-four  midcollicular  decerebrate  cats  were  used  in  these 
experiments.  Quadriceps  and  biceps  -  semitendinosus  ner\  were  stimulated 
to  yield  a  maximal  monosynaptic  action  potential  from  the  appropriate  cut 
ventral  roots.  Conditioning  volleys  were  <U  pvered  to  the  appropriate 
ipsilal.  ral  antagonistic  nerve  ami  to  the  bulbar  relic"! ar  inhibitory  region 
with  stereolaxically  directed  bipolar  concentric  clecliodes.  The  anterior 
vermian  and  parnvcrmi.in  cerebellar  cortex  were  stimul.  led  with  silver 
ball  electrodes.  Cerebellar  depth  stimulation  was  sometimes  performed 
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'with  bipolar  ccu*.c.ontr.ic  -lecli-odes.  One  msec  square  wave  pulses  were 
applied  l.o  tin-  HI*1  (0.5-7V;  LOO  c/s)  and  to  the  cerebellum  (2-12V,  150-200 
c/s)  for  5-15  see.  Gallamine triethiodide  was  administered  to  prevent 
r\t:i  ss' ive  movements  during  stimulation,  and  the  animals  were  artificially 
respired.  Carotid  blood  pressure  was  monitored  and  body  temperature 
svas  maintained  at  it?  ±  l°C,.  "  '•> 

Bicuculline  was  administered  slowly  in  small  doses  (0.  25-0.  5mg/kg) 
and  tin:  total  dose  given  was  recorded  as  an  accumulative  dose  for  a  given 
period.  Drug  effects  were  usually  not  recorded  until  5  or  lOrrin  after 


the  injection  to  minimize  the  potential  effects  of  blood  pressure  changes.  '  j 

•  '-■■■•  *.  "  l  •  v- 

••  t>  -  •*  I 

BicuculUne  suppressed  both  pre synaptic  and  cerebellar  inhibition  %  13, 

(Fig.  1.3.  14,  l  5)  of  the  segmental  monosynaptic  action  potentials,  but'  . \ 

■  ...  -  •.  ..  ?  '"~2 
•  ..  •  ,•  .  .  ...  •  .  t.  •  ■  -  ,,  ‘  ■  ... 

had  no  effect  on  direct  or  reticular  inhibition  (Fig.  15,  16,  17)  of  these  l  J 

same  potentials.  There  was  no  observed  difference  in  the  effects  of  bicuculline  hjj 

’  ij  .  iii  '  j ’'1 

on  these  inhibitions  of  extensor  (quadriceps)  and  flexor  (biceps  semitendin-  j 

'  :  -■  '  .  '  !  J 

osus)  monosynaptic  action  potentials.  Figure  17  illustrates  a  typical  .  f 

: "  ■  \  j 

experiment.  The  two  curves  describe  the  change  in  amplitude  of  the  f  3 

'  1  4 

quadriceps  monosynaptic  act:  on  .potentials  as  a  function  of  time  following  j  ■■■} 

.  j  j 

stimulation  of  the  biceps  semitendinosus  nerve.  The  effects  of  -reticular  {  j 

ii 

/  I 

4 

and  cerebellar  stimulation  are  marked  by  solid  vertical  bars.  s  J 

5  .1 

-■  I  J 

The  daca  p!  ottod  in  Figure  17  show  that  prcsynaptic  inhibition  of  the  j  / 

quadriceps  pc  -.entials  is  completely  prevented  by  a  cummul ative  dose  of  |  -M 

0.  75mg/kg  of  bicuculline  given  over  a  15  min  interval,  but  direct  inhibition  j  :|§ 

is  completely  unaltered,  Pre  synaptic  inhibition  of  the  biceps-semitcndinosu?  j  M 

potenli  Is  elicited  by  conditioning  stimulation  of  the  quadriceps  nerve  II 
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showed  a  moan  percent  change  of  36.  5  -M  12.  7%  [i\~  8,  P<  .  025),  59.  I  — 

14.9%  {n=  9,  JJ<  .005)  and  72.6  ±  13.3%  (n-:  9,  P<  ,  005)  with  eummulative 
doses. of  0.25  mg/kg,  0.  5  mg/kg,  and  l.-©  mg/kg,  respectively,  of 
bicuculline.  Although  the  early  phase  of  presynaptic  inhibition  (5-30  msec.) 
coaid  usually  l>e  completely  blocked  by  bicuculline,  it  was  observed  in 
four  experiments  that  a  much  later.plia.se  of  presrynaptic  inhibition  (4©- 
100  msec.)  was  unaffected  or  actually  potentiated  by bicucixUlne.  In  all 
oxptsriments.  in  which  direct  inhibition  of  the  segmental  potentials  was 
studied,  bicuculline  had  little  or  no  effectkbn  this  inhibition  in  doses  as 
large  as  1. 0  mg/kg.  '  i .  -  '  ■  ■  r 

In  six  experiments,  a  cummuairttiv&  dose  of  0.5  mg /kg  produced  a  mean 
percent  reduction  in  cerebellar  inhibition  of- the  gkadriceps  potentials  of 
$7.4  i  23.4%  (3?<  0.05).  This  is  illustrateddn  Figure  1  by  the  solid  fertpcal 
bars  labelled.  Gp  and.Gg.  Gerebellar -inhibition; rof  the  biceps  senntendino$vis 
potentials  showed  a  mean  percent  reduction  in'inhibitioh  of  5.  5  dt  14.0%  % 

(n=  1 1  )i  61.3  ±  11.8%  (n=  13,  P<  .005)  ar.d  73,  0  *12.  5%  (n“  12,  P<  .  005) 
with  Gummuiative  doses  of  0 . 25  mg /kg,  0.  5  mg/kg  and  1.0  mg/kg,  respec- 
t'ively.  of  bicuculline,  Iti  about  one  half  of  these  experiments  it  was  observed 
that  small  doses  of  bicuculline  (0.  25  mg/kg),  initially  potentiated  the 


cerebellar  inhibition  instead  of  suppressing  it.  An  example  of  this 
potentiation  after  an  Intravenous  injection  of  0,25  mg/kg  of  bicuculline  is 
shown  in  insert  B  in  Figure  17.  With  an  additional  0.5  mg /kg  of  bicuculline, 
this  potentiating  effc  ■  completely  reversed  and  all  cerebellar  inhibition 


of  the  quadriceps  p 


was  abolished.  Cerebellar  inhibition  of  the 


segmental  monosynaptic,  action  potentials  was  unaffected  by  doses  of 
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bicuculline  as  large  as  t.O  in  only  three  out  of  nineteen  experiments. 

Reticular  inhibition  of  the  segmental  potentials  was  unaffected  or  only 
-slightly  reduced  by  accumulative  doses  of  bicuculline  up  to  1.0  mg/kg. 

_Thu  verticalrbars  marked  R|  and  Rj,  illustrate  the  lack  of  effect  of  0.5 
mg / kg  of  biviuculiine  on  reticular  inhibition  of  the  quadriceps  potentials  as 
determined  by  fives experiments"}".  :  i  r  Ta  i 

:v  ; These  present.  experiments  support  the  findings  Curtin,  Duggan, 

Felix  andi-lbknston,  i$70,  that  bio^quliliae  has.no  effect  bn  direct  inhibition 
and  extend  these  finding  s-Tq  include  retpcular  inhibition  in  this  category. 

Tipis  it  seems  Vb-ry  unlikely  that  GABA  plays  any  rule  in  the  mediation  of 
reticular  inhibition  bf  the  alpha  motoneuron  Sc-  '  '  J 

The  blockade  of  cerebellar  disfacilitacion  by  bicuculline  was  expected 
since  its  proposed  mechanism  is  Purlcinje  cell  inhibition  of  lateral  vestibular 
neurons  (Llinas,  1964)  and  Curtis,  Duggan  and  Felix,  1970  have  shown  that 
bicuculline  blocks  this  inhibition.  Also,  earlier  studies  with  diphcnylamino- 
ethahol  showed  that  this  compound  blocked  cerebellar  disfacilitaticn  of  the 
segmental  monosynaptic  action  potentials  (Huffman  and  Yim,  1969)  and  it 
too,  like  bicuculline,  blocks  GABA  induced  inhibition  of  lateral  vestibular 
neurons  (J£ee,  Wells  and  Yim,  1971). 

Although  it  has  been  reported  that  bicuculline  does  not  block  presynaptic 
inhibition  of  the  gastrocnemius  motoneurons  (Curtis,  Duggan,  Felix  and 
Johnston,  1 970),  \vc  have  found  that  the  early  phase  (5-30  msec.)  of 
presynaptic  inhibition  of  either  the  quadriceps  or  biceps  semitendinosus 
monosynaptic  action  potentials  is  consistently  blocked  by  bicuculline, 

These  findings  ate  supported  by  the- observations  of  Levy  tit  al,  that 
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primary  afferent  depolarization  which  is  presumably  associated  with 
presynaptic  inhibition  is  also  blocked  by  bicuculline. 

2.  Work  to  l)c  performed 

We  are  just  beginning  our  investigation  of  the  effects  of  intravenously 
administered  psychotomimetic  drugs  on  Purkinje  and  Better's  neuronal 
activity.  Our  initial  observation  of  increased  neuronal  discharge  by 
Deiter's  neurons  after  intravenous  LSD  are  encouraging.  I  plan  to  continue 
my  investigations  of  the  effects  of  LSD  and  the  neuronal  discharge  patterns 
of  Deiter's  neurons  and  extend  this  study  to  include  other  psychotomimetic 
drugs  such  as  mescaline,  bufotenine  and  the  amphetamines.  Similar 
studies  will  be  conducted  on  Purkinje  neuronal  discharge  patterns. 

To  determine  if  these  drugs  are  mimic ing  the  action  of  noradranline 
on  Purkinje  cells,  i.  e. ,  inhibiting  Purkinje  cell  discharge,  I  plan  to 
study  the  effect  of  the  psychotomimetic  drugs  on  Purkinje  cell  discharge 
when  these  drugs  are  applied  microiontophoretically  through  glass  micro¬ 
pipettes  to  single  Purkinje  cells.  An  inhibition  of  Purkinje  cell  discharge 
would  reduce  the  inhibitory  input  to  Deiter's  neurons  and  explain  their 
increased  discharge  rate  after  LSD  and  also  explain  the  suppression  of 
cerebellar  disfacilitation. 

3.  Publications  • 

- . . . .  i  ■■■« 

1.  Huffman,  Ronald  D, ,  The  effect  of  bufotenine  on  cerebellar 
disfacilitation  in  cats.  XXV  International  Physiological  Congress,  Munich, 
Germany,  July  25-31,  1971  (Abstract  to  bo  published  in  The  Proceeding 
of  Hie  XXV  International  Physiological  Congress). 
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2.  Huffman,  Ronald  D. ,  Bicuculline  blockade  of  cerebellar 
disfacilitation  and  pro  synaptic  inhibition.  Fall  Pharmacology  Meetings, 
Burlington,  Vermont,  August  22-26,  1971.  (Abstract  to  be  published 
in  The  Pharmacologist), 

3.  Huffman,  R.  I),  and  McFadin,  L,,  Suprcssion  of  presynaptic 
inhibition  and  cerebellar  disfacilitation  by  bicucullinc.  Submitted  to  Brain 
Research,  June,  1971. 

4.  Huffman,  R.  D.  and  McFadin,  L.  The  effects  of  bicuculline  on 

l 

spinal  and  supraspinal  inhibition  in  cats.  In  preparation  and  to  be  submitted 
to  Int.  J.  Neuropharmacology. 
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Legends  of  Figures; 

Figure  1.  Effects  of  LSD  on  cerebellar  disfacilitation  of  extensor  mono¬ 
synaptic  action  potentials.  Decerebrate  cat,  immobilized  with  gallnminc. 

A.  Cerebellar  disfacilitation  of  the  quadriceps  monosynaptic  action 
potentials  (8V,  200/sec,  0,  l  msec  for  9  sec,  bipolar  silver  ball  electrodes). 
Line  under  responses  indicates  duration  of  inhibitory  stimulus.  B.  1  min. 
after  lOOpg/kg  LSD.  C,  Same  response  but  l  min  after  200|ig/kg  LSD 
given  intravenously  as  an  accumulated  dose  over  an  8  min  period.  D. 


1  hour  la  r. 
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Figure  2.  Effects  of  LSD  on  cerebellar  di.siucilitati.on  of  flexor  mono¬ 
synaptic  action  potentials..  Decerebrate  cat.  A.,  Cerebellar 
disfacilitation  of  the  biceps  semitendinosus  monosynaptic  action  potential 
(6V,  200/soc,  0.4  msec  for  9  sec,  bipolar  silver  ball  electrodes).  B. 

3  min  after  50pg/kg  LSD  given  intravenously.  C.  11  min  after  lOOpg/kg 
LSD  given  intravenously  as  an  accumulated  dose  over  a  4  min  period. 

D.  50  rriin  later. 

Figure  3.  Effects  of  LSD  on  cerebellar  disfacilitation  of  flexor  mono¬ 
synaptic  action  potentials  of  the  segmental  reflex.  Decerebrate  cat, 
immobilized  with  gallamine,  A.  Cerebellar  disfacilitation  of  the 
biceps  semitendinosus  monosynaptic  action  potentials  (40V,  150/sec, 

1  msec  for  9  sec,  bipolar  silver  ball  electrodes).  Line  under  responses 
indicates  duration  of  inhibitory  stimulus.  B.  3  min  after  30pg/kg  LSD 
given  intravenously.  C.  Same  responses  but  3  min  after  300pg/kg  LSD 

i 

given  intravenously  as  an  accumulated  dose  over  a  24  min  period. 

E.  40  min  later. 

Figure  4,  Effects  of  bufotenine  on  cerebellar  disfacilitation  of  extensor 
monosynaptic  action  potentials.  Decerebrate  cat,  immobilized  with 
gallamine.  A.  CerebiUar  disfacilitation  of  the  quadriceps  mono¬ 
synaptic  action  potentials  (15V,  200/scc,  0,1  msec  lor  15  sec,  bipolar 
silver  ball  electrodes),  B.  2  min  after  0.5  mg/kg  bufotenine  given 
intravenously. 
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Figure  5.  Effect:;  of  bufotenine  on  cerebellar  disfacilitation  of  extensor 
monosynaptic  action  potentials.  Decerebrate  cat,  immobilized  with 
gallamine.  A.  Cerebellar  disfacilitatioj.  of  the  quadriceps  monosynaptic 
action  potentials  (8V,  200/sec,  0.25msec  for  9  sec,  bipolar  silver  ball 
electrodes).  B.  5  min  after  0.25  mg/kg  bufotenine  given  intravenously. 

C.  8  min  after  0.  5  mg/kg  bufotenine  given  intravenously  as  an  accumulated 
dose  over  a  10  min  period.  D.  I  hour  later. 

Figure  6.  Effects  of  mescaline  on  reticular  inhibition  of  flexor  mono¬ 
synaptic  action  potentials.  Barbiturate  anesthetized  (Nembutal)  cat. 

A.  Reticular  inhibition  of  the  biceps  semitenclinosus  monosynaptic 
action  potentials  (5V,  100/zec,  0.6  msec  f O"  5-10  sec,  bipolar  concentric 
electrode).  B.  2  min  after  lOmg/kg  mescaline  given  intravenously  over 
a  10  min  period. 

Figure  7,  The  effect  of  -tetrahydrocannabinol  (TIIC)  on  reticular 

inhibition  of  extern  or  monosynaptic  action  potentials.  Decerebrate  cat, 
immobilized  with  gallamine,  A.  Reticular  inhibition  (2V,  100/sec, 

0.6  msec  for  10  sec,  bipolar  concentric  electrode).  Line  under  responses 
indicates  duration  of  inhibitory  stimulus.  B.  Same  responses  but  2  min  after 
300pg/kg  THC  given  intravenously  as  .an  accumulated  dose  over  a  6  min 
period,  C,  10  min  later.  D.  I  hour  later. 
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Figure  8.  Effects  of  psilocybin  on  reticular  inhibiton  of  the  patellar  and 
linguomandibular  reflexes.  Cat  anesthetized  with  chloraloseurethane. 

A.  and  B.  Reticular  inhibition  (5V,  100/scc,  0.6  msec  for  6  sec,  bipolar 
concentric  electrodes)  of  the  monosynaptic  patellar  reflex  and  multi- 
synaptic  linguomandibular  reflex,  respectively,  before  and  after  lOpg/kg 
psilocybin.  C.  Duration  of  reticular  stimulation.  D.  Blood  pressure 
record. 

Figure  9.  Effects  of  LSD  on  reticular  inhibition  of  the  monosynaptic  patellar 
reflex.  Chloralo.  e-urethane  anesthetized  cat.  A.  Reticular  inhibition 
(3.6V,  100/sec,  0.6  msec  for  15  sec,  bipolar  concentric  electrode)  of 
the  monosynaptic  patellar  reflex  before  and  after  60pg/kg  LSD  given  intra¬ 
venously.  Blood  pressure  response  is  illustrated  in  the  lower  part  of  each 
record.  The  record  is  continuous  from  A  through  C.  B.  Same  responses 
but  after  an  additional  lOOpg/kg  LSD.  C.  Same  responses  but  after  an 
additional  lOOpg/kg  LSD  (total  accumulated  dose  of  260pg/kg  given  intra¬ 
venously  over  a  22  min  period). 

Figure  10.  Effects  of  bufotenine  on  reticular  inhibition  of  the  monosynaptic 
patellar  reflex,  Chloralosc-urcthane  anesthetized  cat.  A.  and  B. 
Reticular  inhibition  (2V,  100/sec,  0.6  msec  for  15  sec,  bipolar 
concentric  electrode)  before  and  after  1  mg/kg  bufotenine  given  intra¬ 
venously  as  an  accumulated  dose  over  a  20  min  period.  Blood  pressure 
response  is  illustrated  in  the  lower  part  of  each  record.  C.  1  hour 
after  the  last  dose  cf  bufotenine,  (The  rhangc*  in  blood  pressure 
observed  during  reticular  stimulation  arc  a  result  of  stimulation  of  the 
medullary  presaor  and  depressor  centers). 
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Figure  11.  Effects  of  Ditran  on  reticular  inhibition  of  the  monosynaptic 
patellar  reflex.  Chloralose  urethane  anesthetized  cat.  A.  Reticular 
inhibition  (3  V,  100/sec,  0.6  msec  for  10  sec,  bipolar  concentric 
electrode)  of  the  monosynaptic  patellar  reflex.  Blood  pressure  response 
is  illustrated  in  the  lower  part  of  each  record.  The  record  from  A 
through  D  is  not  continuous.  B.  Same  responses  but  after  7mg/kg 
Ditran  given  intravenously  as  an  accumulated  dose  over  a  5  min  period. 
C.  Same  responses  but  after  15mg/kg  Ditran  given  in' ravenously  as  an 
accumulated  dose  over  a  10  min  period. 

Figure  12.  Effects  of  Ditran  on  reticular  inhibition  of  the  monosynaptic 
patellar  reflex.  Chioralose-urcthane  anesthetized  cat.  A.  Reticular 
inhibition  (5.2  -  5.6V,  100/scc,  0,6  msec  for  10  sec,  bipolar  concentric 
electrode)  of  the  monosynaptic  patellar  reflex.  The  record  from  A 
through  C  is  not  continuous.  B.  Same  responses  but  after  6  mg/kg 
Ditran  given  intravenously  as  an  accumulated  dose  over  a  4  min  period. 
C.  Same  responses  but  1  min  after  12mg/kg  Ditran  given  intravenously 
as  an  accumulated  dose  ovet  a  10  min  period. 

Figure  13*  EffecD;  of  bicucullimt  on  cerebellar  disfacilitatiou  and  pre- 

synuplic  inhibition  of  extensor  monosynaptic  action  potential*.  Decere¬ 
brate  cals,  immobilized  with  gaUandne.  A,  Control  record  showing 
cerebellar  disfaci Illation  (4V*  200/sec.,  0.4  msec.  for  9  see, »  bipolar 
stiver  ball  electrodes)  and  presyn.iptic  inhibition  (0,9V  conditioning 
pulse  applied  to  the  antagonistic  biceps -semi-lemlinosus  nerve,  10 
msec*  delay)  of  the  quadriceps  monosynaptic  action  potentials.  Line 
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under  responses  indicates  the  duration  of  the  inhibitory  stimulation. 

11.  Same  responses  11  tnin  after  0.  25mg/kg  bicuculline  given  intra¬ 
venously,  C.  Same  responses  45  min  after  the  above  injection  of 
bicuculline. 

Figure  1*1.  Effects  of  bicuculline  on  presynaplie  inhibition  and  cerebellar 
disfaeilitation  of  extensor  monosynaptic  action  potentials.  Decerebrate 
cats,  immobilized  with  gailamine,  A.  Control  record  showing 
presynaplie  inhibition  (1.2V  conditioning  pulse,  0.2  msec,  duration 
applied  to  the  antagonistic  biceps -semitendinosus  nerve,  10  msec 
delay)  and  cerebellar  disfaeilitation  (2V,  100/sec. ,  0.4  msec  for  9  sec., 
bipolar  concentric  electrode)  of  the  quadriceps  monosynaptic  action  potentials. 
Line  under  responses  indicates  the  duration  of  the  inhibitory  stimulation. 

B,  Same  respon.  es  but  7  min  after  0.25mg/kg  bicuculline  given  intra¬ 
venously.  C.  4  min.  after  0.  Smg/kg  bicuculline  given  intravenously 
as  an  accumulated  dose  over  a  15  min  interval.  D.  20  min  later. 

Figure  15.  Effect  of  bicuculline  on  direct  and  presynaptic  inhibition  of  flexor 

monosynaptic  action  potentials.  Decerebrate  cat,  immobilized  with  gailamine. 
A.  Control  record  showing  direct  and  presynaptic  inhibition  of  the  biceps- 
s contend inoKUs  potentials  induced  by  a  conditioning  stimulation  (1.2V,  0,2 
msec)  in  the  antagonistic  quadriceps  nerve  with  1  msec  and  10  msec  delays, 
respectively.  Line  under  respOk.^cs  indicates;  the  duration  of  the  inhibitory 
stimulus.  B.  Same  responses  6  min  after  0. 25mg/kg  bicucutline  given 
intravenously.  C.  4  min  after  0.7f>mg/kg  bicuculline  given  intravenously 
as  a  t  nmmui alive  dose  over  a  15  min  interval.  D.  15  min  after  0.75mg/kg 
bicuculline.  F.  1  hour  later. 
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Figure  1 6.  Effects  of  bicuculline  on  direct,  presynaptic  and  reticular 
inhibition  of  flexor  monosynaptic  action  potentials.  Decerebrate  cat, 
immobilized  with  gallaminc.  A.  Control  record  showing  direct  and 
presynaptic  inhibition  of  the  biccps-sonutcndinosus  potentials  by  a 
conditioning  stimulus  (0.1V,  0.2  msec  and  1.0V,  0.2  msec, 
respectively)  in  the  antagonistic  quadriceps  nerve  with  1  msec  and 
25  msec  delays,  respectively.  Line  under  responses  indicates 
duration  of  inhibitory  stimulation.  B.  5  min  after  0.  5mg/kg  bicuo  !line 
given  intravenously  as  an  accumulative  dose  over  a  7  min  interval. 

C.  Control  record  showing  presynaptic  (IV,  0.  1  msec,  20  msec  delay) 
end  reticular  (0.6V,  100/sec  for  15  sec,  bipolar  concentric  electrode) 
inhibition  of  the  biceps- semitendinosus  potentials.  D,  Same  responses 
but  12  min  after  0.25mg/kg  bicuculline  given  intravenously. 

Figure  17.  Effects  of  bicuculline  upon  direct,  presynaptic  and  reticular 

♦ 

inhibition  and  cerebellar  disfacilitation  of  the  extensor  segmental 
monosynaptic  action  potentials.  Ordinate:  percent  height  of  the 
quadriceps  monosynaptic  action  pole*  Hals  (ventral  root  recording)  at 
different  times  (abscissa)  following  a  single  shock  stimulation  of  the 
antagonistic  bicepa-tiomitendinosus  nerve.  The  solid' curve  represents 
the  control  excitability  curve  of  a  single  experiment.  The  broken  curve 
represents  the  excitability  curve  recorded  15  min  after  0.  ?5mg/kg  of 
bicuculline  given  I.V.  as  an  accumulate  dost  over  a  IS  min  interval. 

The  super  imposed  solid  vertical  bars  Rj  and  Cj  represent  percent 
height  of  the  quadriceps  potentials  following  stimulation  of  the  reticular 
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formation '(re;:  5)  and  the  cerebellum  (ji-'-G),  respectively.  Solid  vertical 
bars  and  C>  represent  those  .same  responses  .10  i.iin  after  0.  5mg/kg 
bievouUmv  given  1.  V.  Insert  figure  A  is  a  control  record  illustrating 
cerebellar  dia  fn.c-.il  it  at  inn  (8V,  IM’Oc/s,  0.4  msec  for  >  sec,  bipolar 
silver  ball  electrodes)  of  the  quadriceps  potentials.  I^ine  under  responses 
indicates  duration  of  inhibitor/  stimulation.  B.  Same  responses  but  13 
nun  after  0.  25m<-/kg  bic.ueulline  given  I.  V.  C.  15  mi:  after  0.75mg/kg 
bicuculiine  given  I.V.  as  an  accumulate  dose  over  a  15  min  interval. 

D.  Same  responses  45  min  after  the  above  dose  of  bicuculiine. 
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*A  one-tailed  Student's  "t"  test  was  performed 
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TABLE  2.  Effects  of  bicuculli.no  on  direct  and  presynaptic  inhibition  of  tile 
monosynaptic  segmental  potentials  in  decerebrate  cats  inunobili/.ed  with  gallamine 


Mean  percent 

n 

Cumulative 

Source  of 

Reflex 

Change  in 

P 

(no.  of 

Dose  (i.  v.  ) 

Inhibition 

Inhibited 

inhibition  i  S.  E. 

Values* 

cxperimeri 

Flexor 

6.6  ±  1 6 .  2 

8 

Divect 

4 

Extensor 

-13. Li  17.0 

8 

0.  25  mg/kg 

Flexor 

36.  5  ±  12.7 

P<  .025 

8 

Prcsynaptic 

Extens  or 

35.9  ±  13.4 

P<  .025 

6 

Flexor 

17.  5  ±  19.7 

8 

Direct 

Extensor 

5.9  ±  19.6 

5 

0.  5  mg /kg 

Flexor 

59.  1  ±  14.9 

P<  .005 

9 

Presynaptic 

Extensor 

78.4  ±  11.6 

P<  .005 

6 

Flexor 

• 

Direct 

Extcnso” 

1.0  mg/kg 

Flexor 

72.6  ±  13.3 

P<  .005 

9 

Presynaptic 

Extensor 

88.  3  ± 

5 

’■'.A  one-tailed  Student's  "t"  test  was  performed  on  each  mean  percent  change  in  inhibition 
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Intravenous  injection  of  bufotenine  (5.0  mg/kg)  in  monkeys  has  been  reported  to 
produce  a  prone  position  in  which  these  animals  cannot  walk  or  climb.  This  is  followed 
by  a  period  of  marked  ataxia  and  heightened  tendon  reflexes.  In  humans,  nystagmus  has 
been  reported.  These  observations  suggest  that  bufotenine  may  be  acting  at  the  level  of 
the  cerebellum  to  alter  normal  cerebellar  somatomotor  control.  Since  the  entire  outflow 
from  the  cerebellar  cortex  (Purkinje/ neurons)  is  inhibitory  in  function  and  since  some 
of  the  functional  observations  suggest  a  reduction  of  inhibitory  input  to  spinal  motonruror. 
this  study  was  designed  to  investigate  the  effect  of  bufotenine  on  cerebellar  inhibition 
(d.i  ^facilitation)  of  the  segmental  (quadriceps  and  biceps-scmitendinosus)  monosynaptic 
action  potentials.  Midcollicular  decerebrate  cats  were  used  in  these  experiments.  Sur¬ 
face  stimulation  of  the  vermis  of  the  anterior  lobe  of  the  cerebellum  with  bipolar  silver 
ball  electrodes  was  used  to  induce  the  disfae Llitation  of  the  segmental  potentials.  Intra¬ 
venous  injections  of  bufotenine  (0.25-).5  mg/kg)  markedly  reduced  or  completely  eliminated 
the  cerebellar  disfacilitation  of  both  segmental  potentials;  the  depression  of  this  disfaci- 
litation  lasted  approximately  50  min.  The  segmental  potentials  were  unaffected  or  slightly 
reduced  by  these  same  doses;  this  effect,  however,  was  quite  variable.  Direct  inhibition 
of  the  biceps  monosynaptic  potentials  induced  by  stimulation  of  the  antagonistic  quadriceps 
nerve  was  unaffected  by  bufotenine  (2.0  mg/kg).  Reticular  inhibition  was  unaffected  or 
only  slightly  reduced  with  doses  of  bufotenine  as  large  as  1.5 ag/kg.  (Supported  by 
Morrison  Trust  (R-A-16)  and  AF-70-C-C05Sj  . 

Published  in;  Proc.  Int.  Cong.  Physiol.  Sci.,  XXV.  International  Congress,  Munich, 
Germany. 


BICUCULLIKK  BLOCKADE  OF  CEREBELLAR  DISFACILITATI03  AIL)  FF.E- 
SYKAVTlC  IKllIBITJO;;.  Ronald  P.  ihif  fr.rn*  (SPUN:  A. II.  Briggs), 
Univ.  Tur.ru:  Me  d.  Sell. ,  Son  Antonio,  Texas  78229 

Recent  experimental  studies  have  suggested  .  that'  gamma -amino 
butyric  acid  (GABA)  might  be  the.  inhibitory  f  anrnii  tter  re¬ 
leased  by  Purkinjc  cells  of  the  cerebellum  and  by  spinal 
neurons  involved  in  presynaptic  inhibition.  To  further  test 
this  hypothesis,  the  effects  of  the  GABA  antagonist  bicucul¬ 
line  v;uru  tested  on  spinal  (direct  and  presynaptic)  and  supra¬ 
spinal  (reticular  and  cerebellar)  inhibition  of  the  segmental 
monosynaptic  action  potentials.  Midcoil icular  decerebrate 
cats  paralyzed  with  Flaxedil  were  used  in  these  experiments. 
Bicuculline  (0.25-0.5  mg /l;g  i.v.)  markedly  reduced  or  com¬ 
pletely  eliminated  the  cerebellar  disfacilitat  L and  the 
early  (10-20  msec.)  presynaptic  Inhibition  of  the  segmental 
potentials.  Reticular  and  direct  (1-2  msec.)  inhibition  were 
unaffected  by  these  doses.  Larger  dof.es  of  bicuculline  (1  mg/ 
kg)  produced  only  slight  reduction  in  reticular  inhibition  of 
these  potentials.  The  duration  of  action  of  bicuculline  was 
short  (20-25  rain.)  and  the  inhibitory  phenomena  returned  to 
predrug  levels  within  this  time.  These  studies  are  in  agree¬ 
ment  with  the  suggestion  that  GABA  may  be  the  transmitter  sub¬ 
stance  involved  in  spinal  presynaptic  inhibition  and  Purkinjc 
mediated  cerebellar  disfacil itation.  (Supported  by  Morrison 
Trust  (K-A-16)  and  AF-70-C-0059) . 
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Central  Nervous  System 

A.  Study  of  the  effects  of  acetylcholine  and  cholinesterase  inhibitors  on 
the  central  nervous  system. 

1.  Progress  Report 

a.  Acetylcholinesterase:  Increase  in  the  hippocampus  during  learning. 

The  cholinesterase  inhibitor  disopropylflurophosphate  when 
given  to  rats  causes  a  decrease  in  extinction,  a  decrease  in 
efficiency  in  serial  problem  solving  and  produces  amnesia. 

However,  reported  changes  of  cholinesterase  activity  as  it  relates 
to  learning  have  been  limited  to:  (1)  The  effect  of  long  term 
environmental  stimuli  in  rats,  which  causes  a  slight  increase  in 
the  brain's  activity  and,  (2)  The  finding  that  the  cholinesterase 
of  the  metathoracic  ganglion  of  cockroaches  decreases  with  training. 
The  use  of  ablation  methods  have  indicated  the  involvement  of  the 
hippocampus  in  the  process  of  learning.  Therefore,  cholinesterase 
activity  in  the  hippocampus  and  caudate  nucleus  vas  studied 
immediately  after  a  learning  task.  The  cage  was  divided  by  a 
partition  so  that  the  trained  animal  and  the  control -shocked 
animal  wers  on  the  same  grid  and  received  the  same  shock.  The 
other  control  remained  in  his  caga.  The  rats  vers  trained  for  3% 
days,  two  30  minute  sessions  per  day.  Outing  this  period  they 
learned  to  evold  the  shock.  Xmedlately  after  the  lest  training 
period,  they  were  sacrificed  using  a  guillotine.  The  caudate  nucleus 
end  the  hippocampus  were  dissected  out,  cooled  with  ice  end  then 
essayed  for  acetylcholinesterase  and  butyryl cholinesterase  activity 
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by  the  method  of  Slakotos.  Protein  was  estimated  using  the  method 
of  Lowry.  Cholinesterase  was  calculated  both  in  activity  per  weight 
of  tissue  and  per  gram  of  protein.  Since  there  was  essentially 
no  difference  between  the  two,  only  the  cholinesterase  activity 
per  gram  of  protein  is  reported.  Three  separate  groups  of  24  rats 
were  trained .  In  each  case,  the  cholinesterase  in  the  hippocampus 
in  the  trained  rats  was  significantly  higher  than  that  of  the 
control  or  control-shocked  rats.  The  butyrylcholinesterase  activity 
of  the  hippocampus  was  not  significantly  different  in  any  of  the 
rats.  Both  the  acetylcholinesterase  and  butyrylcholinesterase 
activity  in  the  caudate  nucleus  were  not  significantly  different. 
Another  group  of  rats  was  trained  in  the  same  way  and  the  hippocampus 
was  divided  into  two  areas,  the  regio  superior  and  the  area  dentata. 
The  major  difference  in  cholinesterase  activity  seems  to  occur  in 
the  regio  superior.  Another  group  of  rats  were  then  trained  in 
the  same  way  and  killed  one  week  lete*  and  the  cholinesterase 
measured.  The  cholinesterase  activity  in  the  hippocampus  was  no 
longer  significantly  different  from  that  of  the  control  animal*. 

The  change  in  activity  of  cholinesterase  is  not  a  permanently 
induced  change.  Acetylcholinesterase  in  the  hippocampus  is  involved 
In  the  learning  process.  The  change  of  acetylcholinesterase  in  the 
hippocampus  could  be  occurring  in  response  to  increased  acetylcholine 
release  or  could  be  occurring  as  s  control  mechanism  to  modulate  the 
amount  of  acetylcholine  avatlaole  et  the  receptor.  These  changes 
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could  be  occurring  to  establish  neuronal  pathways  during  the 
learning  process  and  after  the  pathway  has  been  established  or 
utilized,  the  cholinesterase  returns  to  control  levels. 

b.  Effect  of  ethanol  on  the  cholinesterase  activity  in  the  brain  of 
the  rat . 

A  number  of  recent  studies  indicate  that  ethanol  inhibits  the 
release  and  increases  the  content,  of  acetylcholine  in  the  brain. 

It  also  reduced  the  cholinesterase,  CoASH  and  choline  acetylase 
activity  in  the  supernate  isolated  from  the  brain  homogenate.  This 
study  was  undertaken  to  investigate  the  effects  of  ethanol,  on 
acute  and  chronic  administration,  on  the  cholinesterases  in  discrete 
parts  of  the  brain.  Texas  inbred  male  albino  rats,  v sighing  200- 
300  gm  were  used.  Rats  received,  P.O.,  either  acutely  or  for  7  days, 
6.83  gm/kg,  of  44%  ethanol.  Others  received  22%  ethanol  in  their 
drinking  water  for  6  weeks.  Appropriate  controls  were  used.  Rats 
were  sacrificed  by  decapitation.  The  cholinesterase  activity  in 
the  medulla,  hypothalamus,  caudate,  hippocampus,  anterior  thalamic 
nuclei  and  liver  were  estimated  employing  labeled  acetylcholine 
and  butyrylcholine.  These  data  indicate  that  ethanol  has  no  signi¬ 
ficant  effect  on  the  true  and  pseudo-cholinesterase  activity  in 
the  discrete  parts  of  the  brain  of  the  rat. 

c.  Effects  of  chronic  disulfoton  treatment  on  the  cholinesterase 
activity  of  the  rat. 

The  purpose  of  this  investigation  Was  to  study  the  effect  of 
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chronic  disulfoton  treatment  on  acetylcholinesterase  activity  (achE) 
and  butyrylcholinesterase  activity  (BUchE).  Thirty  Holtzman  rats 
weighing  100-130  gm  were  divided  into  three  groups  of  10.  Two 
groups  recieved  1.5  mg/ kg*  I.P.  of  disulfoton  for  10  days;  the 
third  group  received  only  the  vehicle.  One  of  the  two  treated 
groups  was  allowed  to  recover  for  7  days.  Rats  were  sacrificed 
by  decapitation.  The  AchE  and  BUchE  activities  in  mMoles/g  protein/ 
hr.  were  estimated  in  Hypothalamus  (Hy) ,  Medulla  (M) ,  Hippocampus 
(Hi),  Caudate  Nucleus  (CN),  Ileum  (I)  and  Gastrocnemius  (G)  employing 
labelled  acetylcholine  (Ach)  and  butyryl choline  as  substrates. 

Control  AchE  activities  were?  M  5.2599,  Hy  4.6205,  Hi  3.19C6  and 
CN  13.5607,  activities  in  the  treated  group  w^re:  M  1.9546, 

Hy  1.8724,  Hi  0.6245  and  CN  2.4229  and  activities  in  the  recovery 
group  were:  M  4.0020,  Hy  3.2781,  Hi  1.7921  and  CN  8.6547.  CN  had 
the  highest  activity  of  the  components  studied  while  Hi  had  the 
lease  AchE  activity.  Disulfoton  inhibited  the  AchE  activity  in 
the  CN  83%,  Hi  81%,  M  63%,  and  Hy  60%.  The  AchE  activity  in  the 
ileum  was:  control  2.9041,  poisoned  2.3775  and  recovery  2.8064. 

The  gastrocnemius  AchE  activity  was:  control  0.4817,  poisoned  0.2774, 
recovery  0.4022.  Disulfoton  had  little  or  no  effect  on  ileum  AchE. 
However,  it  inhibited  AchE  to  43%  in  gastrocnemius  muscle, 
d.  Microwave  radiation  to  inactivate  cholinesterase  in  the  rat  brain 
prior  to  analysis  for  acetylcholine. 

Since  rapid  inactivation  of  enzyme  activity  is  a  necessity 


for  t)ie  accurate  estimation  of  acetylcholine  concentration  and  turn¬ 
over  ii o  the  brain,  inactivation  by  rapid  heating  with  2450  MHZ 
microwave  radiation  wss  studied.  The  results  were; 

ACETYLCHOLINE  us/g  +  SD 


Sample 

Preparation 

Time 

Sec. 

Assay  Control 

Method 

Cholinesterase 

Inhibited 

Microwave 

11 

g.p.  ileum  4.05±1.18 

(13) 

6.09+1.15  (9) 

Decap,  &  Freeze  30+ 

g.p.  ileum  2.S510.11 

(4> 

4.54+0,10  (4) 

Microwave 

11 

g.  chromat.4.82±0.57 

(7) 

5.43+1.12  (9) 

Decap.  &  Freeze  30+ 

g.  chromat, 3.8110.09 

(4) 

5.44+0.20  (4) 

\ 


J.  Pharmacol,  Exp,  The rap.  150;  231,  1965. 

These  results  indicate  that  the  use  of  microwave  radiation  decreases 
the  time  required  for  enzyme  inactivation  and  increases  the 
concentration  of  acetylcholine  measured, 

2.  Work  To  Be  Performed 

a.  Studies  will  be  continued  on  the  cholinergic  comp  ant  in 
learning  to  further  localize  the  changes  within  the  brain.  We 

will  also  study  the  changes  that  occur  in  acetylcholine  concentration 
and  turnover. 

b.  Further  studies  will  be  carried  out  on  the  effects  of  cholinesterase 
inhibition  on  the  functions  of  the  brain  and  animal  performance. 

c.  The  use  of  microwaves  to  inactivate  enzymes  for  analysis  of  concen¬ 
tration  and  turnover  will  continue. 
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